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Abstract

The desire for higher engine efficiency has resulted in the evolution of
aircraft gas turbine engines from turbojets, to low bypass ratio, first
generation turbofans, to today’s high bypass ratio turbofans. It is
possible that future designs will continue this trend, leading to very-high
or ultra-high bypass ratio (UHB) engines. Although increased bypass
ratio has clear benefits in terms of propulsion system metrics such as
specific fuel consumption, these benefits may not translate into aircraft
system level benefits due to integration penalties. In this study, the design
trade space for advanced turbofan engines applied to a single aisle
transport (737/A320 class aircraft) is explored. The benefits of increased
bypass ratio and associated enabling technologies such as geared fan
drive are found to depend on the primary metrics of interest. For
example, bypass ratios at which mission fuel consumption is minimized
may not require geared fan technology. However, geared fan drive does
enable higher bypass ratio designs which result in lower noise.
Regardless of the engine architecture chosen, the results of this study
indicate the potential for the advanced aircraft to realize substantial
improvements in fuel efficiency, emissions, and noise compared to the
current vehicles in this size class.

1.0 Introduction

As aircraft manufacturers Boeing and Airbus continue to develop and mature new twin-aisle, wide
body aircraft designs in the 210-3S0 seat class, for scheduled first deliveries in 2010 and 2013
respectively, it is anticipated that the next major development undertaking for both companies will be a
new narrow body aircraft in the Boeing 737/Airbus A320 class. At present, there is not much urgency for
these new designs because of robust sales of their current offerings in this size class. However, current
projections are that new designs will be introduced in the latter half of the next decade. Boeing and
Airbus have been engaged in studies to investigate replacement designs for the 737 and A320,
respectively, and published reports indicate that both manufacturers are depending on a next generation
engine to power these new designs (ref. 1). The large fuel consumption and operating cost reductions
necessary to make a new design economically viable will require substantial improvements in propulsion
system efficiency. It is well known in aircraft propulsion system design that it is more efficient to
generate thrust by accelerating a large mass of air a small amount than by accelerating a small mass of air
a large amount; propulsive efficiency increases as the ratio of exhaust velocity to free stream velocity
decreases. For a turbofan engine, this can be accomplished by reducing the fan pressure ratio, which
decreases the amount of fan air stream acceleration, and increasing the fan mass flow to maintain thrust.
An increase in fan mass flow for a given core engine size leads to higher bypass ratio. The desire for
higher engine efficiency has resulted in the evolution of aircraft gas turbine engines from turbojets
(BPR=0), to low bypass ratio, first generation turbofans (BPR=1-2), to today's high bypass ratio
turbofans (BPR=S-10). It is possible that future designs will continue this trend, leading to very-high or
ultra-high bypass ratio (UHB) engines. Increased bypass ratio has complementary benefits in addition to
improving fuel efficiency. Increasing bypass ratio also reduces engine noise due to the strong relationship
between noise and the velocity of the air exiting the engine. Low pressure ratio fans also typically require
lower tip speeds which can result in lower fan noise. The lower jet velocities and lower fan tip speeds
associated with low fan pressure ratio can lead to substantial engine noise reduction.



Design studies for the Boeing 737 and Airbus A320 replacement concepts are closely guarded by the
companies and it is not currently known what engine concepts are under consideration. Improving fuel
efficiency by using advanced engines with lower fan pressure ratio and higher bypass ratio is one
approach that certainly will be explored. There is a practical limit, however, to how much bypass ratio can
be increased before significant penalties arise which begin to erode the benefits. Ultra-high bypass ratio
engines have large, low speed fans. In a conventional turbofan engine, the relatively low rotational speed
of this fan creates low-spool weight and performance issues because of a mismatch between the optimum
fan speed and optimum low pressure turbine (LPT) speed. This mismatch can be avoided by connecting
the fan and low-spool through a gearbox, which enables the fan and low-spool to operate at different
rotational speeds. Use of a gear system does, however, introduce a separate set of concerns such as
gearbox reliability, weight, and cost. In addition to issues which arise in the engine design itself,
increasing bypass ratio at constant thrust increases engine and nacelle diameter. This increases engine
installation penalties, such as nacelle weight and drag, and makes it more difficult to integrate the engine
with the airframe. Integration is particularly difficult in the case of a conventional under-wing installation
on a low wing aircraft. It is not readily apparent, therefore, whether the propulsion efficiency benefits of
lower fan pressure ratio and higher bypass ratio lead to benefits at the aircraft system level.

Because of the potential for lower noise and improved propulsive efficiency, the use of UHB engines
has been studied many times over the past several decades and there are numerous publications
addressing the topic. One early example is reference 2, published in 1972, which includes a discussion of
the potential noise benefits, a comparison of geared fan and direct drive fan systems, a presentation of
gear system design details, and an assessment of gear system reliability. Reference 3 provides another
example, 15 years later. This paper includes a theoretical treatment of the efficiency implications of
higher bypass ratio and presents results for BPR=12-14 engines applied to Boeing 747 and 767 aircraft.
As noted in reference 3, "Studies of very high BPR engines have occurred many times over the history of
large wide-body airplanes. These studies were abandoned each time because of the unfavorable trades
between the TSFC (thrust specific fuel consumption) advantages and the weight and drag penalties, and
between fuel costs and engine development costs."Amore recent example is the engine diameter study
conducted by Boeing in support of NASA's Ultra-Efficient Engine Technology project (ref. 4). This study
compared advanced engines, varying in bypass ratio from 7.5 to 21.5, applied to a 777-200ER based
airframe. Optimum bypass ratio was found to be in the range of 11 to 14.

Results published over the years include both positive and negative assessments of UHB engines,
depending on the assumptions made and the metrics of interest. Over time the baseline technologies,
market environment (e.g., fuel cost), metrics of interest, and target applications change, dictating that
concepts such as the UHB engine be periodically revisited. In recent years, fuel efficiency, emissions, and
noise have become key metrics for aircraft/engine performance. Rising fuel costs have greatly elevated
the importance of fuel efficiency to the overall profitability of airlines and the success of an aircraft
design. Noise and emissions are also projected to be of increasing importance in aircraft design as the
demand for air travel grows. Substantial reductions in aircraft noise and emissions are required to enable
unconstrained aviation growth without a sharply increasing negative impact on the environment. The
737/A320 class aircraft considered in this study represent a significant portion of the global airline fleet.
Sixty-five percent of the new aircraft produced over the next 20 years are projected to be in this class (ref.
5). Advances made to reduce the noise and emissions of these aircraft could provide a considerable
positive contribution to the goal of minimizing the future environmental impact of aviation. What has not
been determined, at least not external to the Boeing and Airbus in-house studies, is the most attractive
advanced engine design for this class of aircraft in light of the current metrics of interest in the aviation
industry.



2.0 Study Objectives and Approach

The primary objective of the advanced single-aisle transport (ASAT) engine concept study was to
determine if the TSFC and noise benefits of lower fan pressure ratio/higher bypass ratio engines translate
into overall aircraft system level benefits fora 737 class vehicle. (The scope of this study was limited to
ducted turbofan engines, open rotor designs may also be viable candidates for a future ASAT aircraft and
are the focus of a separate study.) The approach taken was to develop a series of analytical engine models,
apply them to a common airframe model, and assess the overall performance and noise characteristics.
The main parameter of interest for the study was design fan pressure ratio (bypass ratio). However, it was
quickly determined during the initial stages of the study that other key engine design choices have
significant impact on the effects of fan pressure ratio. One key design parameter is the fan drive
philosophy. Engine manufacturer Pratt &Whitney is pursuing a geared turbofan design for the 737/A320
replacement vehicles (ref. 6). However, to obtain a more complete understanding of the design space,
engines with both geared and direct drive fans were developed for this study. Another potential
discriminator in the engine design is the compression work split between the low-spool and high-spool
compressors. Engine manufacturers have adopted different high-pressure spool designs based on their
company's strategic philosophy. This difference can have an influence on the effects of fan pressure ratio
and fan gearing, so work split was added to the study trades. The impact of engine overall pressure ratio
and design cruise Mach number on the results was also investigated.

3.0 Modeling and Analysis Methodology

3.1 Propulsion System Modeling

Since the propulsion system was the primary area of focus for this study, a substantial amount of effort
was applied to building analytical models of the study engines. Unfortunately, there is little information
available on which to base models of possible future engine systems. Developing models which were
adequately representative of engines that could be available fora 737/A320 replacement aircraft was an
important objective. However, equally important was the requirement of consistency among the engine
models. After reviewing available material on projected advanced propulsion technologies, the propulsion
systems analysis team developed a common design approach and set of technology assumptions that were
utilized throughout to enable this consistency. The unique characteristics of individual engine
architectures may make some assumptions less appropriate for certain engine types. This makes applying
consistent ground rules and technology assumptions across such a wide range of engine designs
problematic. The degree to which the resulting study engines are truly equivalent in technology and
design optimality is uncertain. Cycle analysis for the engines was performed with the NPSS (Numerical
Propulsion System Simulation) code (refs. 7, 8, 9). Analysis of the aeromechanical characteristics and
estimates of the engine weight (including fan gearbox if applicable) were performed with the WATE
(Weight Analysis of Turbine Engines) code (ref. 10-12).

The basic engine architecture for all the engines in this study is the two spool, separate flow turbofan.
The variations evaluated include the fan drive approach (geared vs. direct drive), the fan pressure ratio,
the low spool-high spool compression work split, the type of fan nozzle (fixed or variable geometry), the
overall pressure ratio, and the design Mach number. For a given analysis spiral, all engines were

* "Single-Aisle Transport" is a common way to refer to a 737/A320 class airplane; although there are other types of
single-aisle aircraft (e.g., regional jets). Even though it is possible that the future 737/A320 replacements designed
by Boeing and Airbus will not have single-aisle passenger layouts, the term "single-aisle transport" will be used in
this report to refer to a 737/A320 class airplane.



developed with the same Aerodynamic Design Point (ADP) (Mach number, altitude, and thrust) and same
overall pressure ratio at the ADP. The ADP was selected to represent a nominal top-of-climb (TOC)
condition for the ASAT airframe. Although for a given spiral the overall pressure ratio is the same for all
the engines, two different compressor work splits were considered for each fan pressure ratio/fan drive
case. For a given fan pressure ratio and overall pressure ratio, the "low work" engines have a lower
pressure rise across the low pressure compressor (and a higher pressure rise across the high pressure
compressor) compared to the "high work" engines. Inlet mass flow for each engine was selected to
achieve the net thrust requirement at ADP. The bypass ratio was set to achieve an extraction ratio (ratio of
total pressures for bypass nozzle and core nozzle) of 1.25 at the design point. In addition to meeting a
thrust target at TOC conditions, asea-level-static (SLS) thrust target of 23,000 lb (hot day, ISA+27°F)
was also met by adjusting design point burner fuel-to-air ratio. Low fan pressure ratio engines inherently
have a greater loss of thrust with airspeed (thrust lapse) than high fan pressure ratio engines. To achieve
equal ADP thrust capability, the low fan pressure ratio engines must be operated at higher temperatures.
The ADP operating temperatures for the low fan pressure ratio engines were below the maximums
allowed for the materials assumed, but the higher temperatures could still lead to shorter engine hot
section life and greater maintenance requirements than the high fan pressure ratio engines. Engine life and
maintenance issues were not assessed as part of this study.

Assumptions for fan and compressor design tip speeds and efficiencies were based on technology
trend curves recently developed by the Aerospace Systems Design Laboratory (ASDL) at Georgia Tech
for use in the FAA's Environmental Design Space (EDS) system (ref. 13). These curves have been
reviewed by the EDS Independent Review Group, which includes industry representatives. Since the
ASDL trend curves represent current technology, adjustments were made to reflect advanced technology
capabilities. A target entry-into-service (EIS) date of 2015 was assumed in projecting adjustments for
advanced technology. Variation in fan tip speed with pressure ratio is shown in Figure 1. Figure 2 shows
the fan efficiency at the ADP design condition as a function of fan pressure ratio. Although varying
slightly among the engines, the low pressure compressor (LPC) polytropic efficiency at ADP was 0.89.
High pressure compressor polytropic efficiency was 0.91 at ADP conditions. All of the engines were
designed to have the same turbine loadings. Since turbine efficiency trends with loading, equal turbine
efficiencies were used across all of the engines; adiabatic efficiency of 0.90 for the high pressure turbine
(HPT) and 0.94 for the LPT. The LPT has significantly higher efficiency than the HPT because it is
uncooled. For the geared engines the mechanical efficiency of the gearbox was assumed to be 0.99.

A maximum turbine inlet temperature (T4) of 3460°R and maximum HPT rotor inlet temperature
(T41) of 3310°R were assumed. The turbine cooling required was estimated assuming use of advanced
high temperature materials. A maximum LPT rotor inlet temperature of 2460°R was used, which was
considered a reasonable limit that would allow the LPT to be uncooled with use of advanced materials. A
complete summary of the advanced engine materials assumed is contained in Table 1. Additional
requirements associated with gearbox cooling for the geared fan designs were not assessed.
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Table 1. Advanced Engine Material Assumptions for Projected 2015 Technology
Component Blade Vane Disk Case

Fan Polymer matrix Polymer matrix Polymer matrix
composite composite composite wrapped

by Zylon
LPC Titanium aluminide Titanium aluminide Polymer matrix

composite
HPC Titanium aluminide Titanium aluminide Titanium metal
(hot section) matrix composite
HPT 5th generation 5th generation Nickel-based powder

nickel-based alloy nickel-based alloy metallurgy alloy

LPT 5th generation 5th generation Nickel-based powder
nickel-based alloy nickel-based alloy metallurgy alloy

Inlet/Nacelle Polymer matrix
composite

Estimates for engine NOx emission indices (grams of NOx emitted from the engine per kilogram of
fuel consumed by the engine) were obtained from a correlation developed by NASA combustor
technologists during the latter stages of NASA's Ultra-Efficient Engine Technology program. The
correlation (shown below) reflects advanced combustor technology consistent with NASA's goals for the
2015 EIS timeframe.

a	

r Tt 3 -x59.67 11 	
f
	 a3

EINOX = a0 x (P3 ) ' x e	 2 
J x 4a ;

	

J	 ^
where,

a0	 = f(% combustor cooling air, combustor technology level)
a 1 	 = 0.35
a2	 = 300
a3	 = 2.4
Pt3	 = compressor exit/combustor entrance total pressure (psia)
Tt3	 = compressor exit/combustor entrance total temperature (°R)
fa	 = combustor fuel-to-air ratio
∆ 	 = combustor cooling air percentage

The combustor testing used to develop this correlation was limited to high power settings (i.e., takeoff
and climbout). EIs for approach and idle power settings were estimated based on EI values projected for
other advanced technology, low NO x combustors under concurrent development during the NASA
program.

Low fan pressure ratio engine cycles generally require some type of variable geometry for proper
operation across the flight envelope. Two approaches commonly considered are variable pitch fan blades
and a variable area fan exhaust nozzle. Because variable pitch fan blades present additional technological
challenges, the use of a variable area nozzle was examined in this study. The variable area nozzle was
assessed a 10% weight penalty compared to an equivalent fixed-area design. Engines across the fan
pressure ratio spectrum were initially developed both with and without use of a variable area nozzle. Then
for a given fan pressure ratio, the need for, or benefit of, the variable area nozzle was assessed. For the
low fan pressure ratio cases, a variable area nozzle was needed to achieve a desired 20% fan surge margin
throughout the operating envelope. For the high fan pressure ratio cases, an acceptable surge margin was
achievable with fixed geometry and the extra weight of a variable area nozzle was not justified. At a fan
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pressure ratio of 1.5, engines with both fixed and variable nozzle area were carried forward to the aircraft
sizing analysis with the final choice made based on overall aircraft system performance. Throat area of
the variable area nozzle was varied at off-design to maintain the fan operating conditions equal to, or very
close to, the fan peak efficiency operating line. The amount of area variation required for the lowest fan
pressure ratio (1.3) was 7.5%.

The engine design approach and technology assumptions used for this study are not exclusive. There
are a number of possible variations in the design approach; such as different choices for ADP and/or
thrust sizing conditions, a different LPT cooling philosophy, or a different choice for extraction ratio.
Furthermore, assumptions based on projected technology advances are not definitive. Changes in the
technology assumptions and design approach can affect the absolute engine performance and weight, as
well as the relative differences among the engine types. The results of this study should be viewed,
therefore, in light of the assumptions and approach used.

3.2 Aircraft Sizing Analysis

To evaluate and compare aircraft system level performance, the study engines were combined with an
advanced technology, single-aisle commercial transport airframe model. The aircraft sizing and synthesis
computer code FLOPS (Flight Optimization System) (ref. 14) was used as the primary aircraft level sizing
and analysis tool. Since the objective of the study was a comparison of engine concepts, the primary
modeling focus was the propulsion system. However, inaccuracies in the airframe model can skew the
system level impacts of the engine designs and influence the overall conclusions. Special sizing
considerations introduced by large diameter engines were addressed through simplifying assumptions and
enhancements to the FLOPS analysis. Spreadsheet analyses were used to determine landing gear length,
engine-out drag, and vertical tail size so that impacts of large diameter engines could be properly
captured. Enhancements to basic FLOPS capabilities were also made in the structural weight and
aerodynamics areas. The wing and fuselage structure weight estimates of FLOPS were replaced with
estimates from PDCYL (ref. 15). PDCYL offers a less empirical, more analytical weight estimation
methodology that is more sensitive to parameters such as engine weight and location. FLOPS
aerodynamic predictions were enhanced through a model calibration process incorporating details of the
737-800 high speed and low speed aerodynamic performance.

3.2.1 Baseline Airframe Model

The Boeing 737-800 (with winglets) was used as a starting point for development of an advanced
single-aisle transport (ASAT) airframe model. A baseline FLOPS model of a 737-800 like aircraft (162
passenger, mixed-class configuration) was developed using a combination of publicly available data on
the 737-800 geometry, weight, and performance characteristics (ref. 16); a CFM56-7B based engine
model developed at NASA Glenn; and proprietary aerodynamic data.

Model weight predictions were calibrated by setting maximum ramp weight and landing weight to the
Boeing reported values (174,700 lb and 146,300 lb respectively) and comparing the predicted operating
empty weight (OEW) to the Boeing data. Lower level weight data were not available for the 737-800 and
errors in individual component weights could not be ascertained. Since FLOPS and PDCYL do not
include weight estimates for winglets, this calibration was first performed for the 737-800 without
winglets. The predicted OEW without calibration was 90,927lb compared to 91,300lb from reference 16.
This predicted OEW estimate includes PDCYL-based fuselage and wing weight estimates; FLOPS
estimates for empennage structure, landing gear, systems and equipment, and operating items; and
CFM56-7B engine/nacelle weight estimates provided by NASA Glenn and supplied as input to FLOPS



and PDCYL. (Note that the PDCYL-based wing and fuselage total weight estimates include an empirical
factor applied to the PDCYL analytically derived structural weight estimates. This empirical factor
accounts for additional, non-optimal structural weight as well as non-structural components that
contribute to the total weight. The factor is based on a linear regression of PDCYL-predicted primary
structure weight compared to actual total weight for eight subsonic commercial transport type aircraft.)
Although the model OEW matches the Boeing data to within 0.5%, calibration adjustments were made to
the model to match OEW exactly. The increase in empty weight associated with blended winglets is not
explicitly available from reference 16. Estimates for the weight impact of the winglets are given in
numerous places. In reference 17 the additional weight is given as 170-235 kg (375-520 lb). Reference
18, which is an article on blended winglets published by Boeing, presents a number of winglet
characteristics but a specific weight penalty is not given. However, in this article the OEW for the 737-
800 with winglets is given as 91,660 lb. A factor was therefore applied to the PDCYL wing weight
estimate to result in the model matching this slightly higher OEW weight.

One significant feature of the baseline model is calibration of the FLOPS aerodynamic predictions to
737-800 high speed aerodynamic data. Although it was not possible to exactly match the 737-800 data at
all conditions, it was possible to obtain an excellent match around the cruise flight conditions as shown in
Figures 3 and 4. This agreement is most important for matching overall mission performance since the
large majority of mission time and fuel consumption is at cruise conditions.

Mach Number

Figure 3. Comparison of predicted and actual C D versus Mach number for cruise representative CL condition.
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Figure 4. Comparison of predicted and actual drag polars at representative cruise Mach number.

FLOPS predicted mission performance was calibrated to a specific point on the 737-800 payload-
range diagram provided in reference 16. Assuming a payload of 32,400 lb (162 passengers at 200 lb per
passenger), OEW plus payload is 124,060 lb. At maximum fuel capacity of 46,063 lb, ramp weight for
the calibration mission is 170,123 lb. According to the payload-range diagram, at this operating point the
range is•-3060 nm. This mission performance was used as the calibration point for the FLOPS model.
Assuming the weight characteristics are accurate, range performance is impacted most directly by the
mission profile, engine TSFC, and aircraft aerodynamic efficiency (lift-to-drag ratio, L/D). Although a
detailed mission profile is not provided in reference 16, some parameters are specified in the payload-
range diagram: 31-35-39,000 ft step cruise, cruise speed at Long Range Cruise Mach, typical mission
reserves, and a 200 nm alternate airport. Additional insight into the likely Boeing mission rules was
obtained from reference 19, which includes a "typical" mission profile diagram from Boeing. Prior to
calibration, the FLOPS predicted range for this mission was 3178 nm (•-4% high). Assuming that the
mission profile is adequately modeled and the aerodynamic model is accurate, the higher FLOPS range is
indicative of an under prediction of engine TSFC at cruise. The NASA-developed engine deck was
therefore adjusted to match the 3060 nm published range capability. Note that it is not possible to separate
the impacts of inaccuracies in mission profile, engine TSFC, and aircraft L/D when matching range
performance. Even though adjustment was only made to the engine model, the discrepancy is most likely
due to a combination of differences in engine characteristics, aerodynamic characteristics, and mission
definition. For example, the step cruise specified in reference 16 was approximated in FLOPS by cruising
at optimum altitude ("cruise-climb"). This more efficient cruise profile may be partly responsible for the
initial FLOPS model resulting in a range higher than the published range capability.

Evaluation and calibration of the FLOPS model was also performed for low speed performance; that
is, takeoff and landing performance. Low speed aerodynamic characteristics at any given point are
dependent on many different factors. Although FLOPS offers a detailed, time-stepping takeoff and
landing analysis, it is not possible to capture all the detailed dynamics associated with an actual takeoff
and landing. For example, because of the mutual interaction of air flow around the landing gear and the
rest of the vehicle, landing gear drag may be a function of aircraft lift coefficient. FLOPS, on the other
hand, has a single input value for landing gear drag. Using the available 737-800 low speed data,
representative values for the required FLOPS inputs were developed. Takeoff and landing performance



data from reference 16 for standard day, dry runway were then used for validation of the FLOPS model.
After some adjustment to the inputs, takeoff and landing distances were matched to within ^1.0% of the
reported values for a single set of conditions. Good agreement of the model with reported data at one
point does not necessarily imply, however, that the model is accurate enough to replicate variation of
takeoff and landing distances with weight, airport altitude, temperature, etc.

The final step in development of a baseline model representative of a 737-800 type aircraft was
ensuring that the FLOPS vehicle sizing was consistent with the actual aircraft. For basic FLOPS sizing
the parameters varied are engine thrust and wing area, with an objective to minimize the gross weight
required to meet the mission. One of the difficulties in sizing for this particular case is that the design
mission described above is at a gross weight below the maximum gross weight. Performance constraints
such as initial cruise altitude capability and takeoff field length need to be met when the mission starts at
the maximum weight. A more significant issue is that the wing area and thrust of the actual aircraft can be
sized by considerations outside the scope of FLOPS. For example, the wing or engine may be oversized
for a future "growth version" of the aircraft. In the case of the 737, a range of different thrust engines are
available and the same engines are available on the 737-800 and 737-900, which have different maximum
weights. If performance constraints such as rate-of-climb can be met for the larger, heavier 737-900 with
a given engine, they will likely be exceeded for the smaller, lighter 737-800. The sizing routine in FLOPS
would therefore tend to reduce the engine thrust of a 737-800 type vehicle. The only way to mitigate this
tendency in the FLOPS model is to specify additional constraints which force the sizing to replicate the
737-800 performance. For example, constraining takeoff field length to be "as good as" the 737-800 for
the same takeoff weight will relax the tendency for FLOPS to size down the engines to eliminate excess
thrust capability at top-of-climb. With a takeoff field length constraint of 7000 ft (approximate sea level,
standard day performance of 737-800 with CFM56-7B26 engines at takeoff weight of 170,123 lb) the
FLOPS sizing results in a vehicle with a gross weight of 169,685 lb (170,123 lb actual), a OEW of 91,620
lb (91,660 actual), a wing area of 1365 ft2 (1341 ft2 actual), and a sea level static thrust of 25,828 lb per
engine (26,300lb actual).

3.2.2 ASAT Airframe Model

The ASAT airframe model is a derivative of the 737-800 like baseline model intended to be
representative of a potential advanced technology 737 replacement aircraft. A conventional airframe-
engine layout like the 737-800 was assumed based on the hypothesis that unconventional approaches are
not sufficiently mature to support the expected EIS date for this vehicle. The primary airframe technology
advancement assumed was extensive use of composite materials for the airframe structure. For the Boeing
787 currently in development, as much as 50 percent of the primary structure is made of composite
materials (ref. 20). This composite construction was assumed to result in a 15%reduction in weight of the
wing, fuselage, and empennage compared to the metal construction of the 737-800. Other minor
technology improvements based on the 787 included an increase in hydraulic pressure to 5000 psi, and a
1% reduction in drag. Changes were also made to the design mission to reflect performance
enhancements projected for an advanced aircraft in this vehicle class. Cruise Mach was increased to 0.8
(typical cruise Mach for the 737-800 is 0.785 (ref. 21)) and design range (with 32,400 lb payload) was
increased from 3060 nm to 3250 nm. The basic 737-800 geometry was not changed for the ASAT model,
except for a slight increase in wing sweep to enable efficient cruise at Mach=0.8. (Increasing wing sweep
increases the "drag-rise Mach number," the Mach number at which compressibility drag begins to greatly
reduce aerodynamic efficiency.) Changes to wing weight associated with the increased wing sweep were
captured in the PDCYL analysis.
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3.2.3 Propulsion Airframe Integration

Proper propulsion-airframe integration requires consideration of many issues. Typically, for ahigh-
level comparative study of this type most of these issues are not directly addressed. Rather, they are
addressed indirectly by developing aircraft analysis models based on, or similar to, existing aircraft, for
which proper propulsion-airframe integration has already been performed. Propulsion-airframe
integration is one of the key considerations for large diameter, UHB engines, however. Reference 4
provides an excellent summary of the integration issues associated with large diameter engines and was
used as a basis for the current study. Concerns highlighted in reference 4 include nacelle drag, ground
clearance, windmilling drag, thrust reverser operation, and engine placement. These concerns were
addressed to varying degrees in the current study. A simple geometric method was developed to estimate
the required landing gear length. Windmilling and engine-out drag estimates were made using handbook
methods (ref. 22) and the vertical tail was sized based on consideration of both tail volume coefficient and
one-engine-out control. Detailed descriptions of these approximate methods are given below. Other
propulsion-airframe integration issues were addressed through existing FLOPS capability or not included
as part of the study. Examples of issues outside the scope of this study include impacts of nacelle
diameter on pylon and flap design and potential changes in thrust reverser operation associated with large
diameter engines. (An estimate of thrust reverser weight was included for all engines.)

3.2.3.1 Landing Gear Length Estimation

Nacelle ground clearance has been an issue for the Boeing 737 aircraft since introduction of the high
bypass ratio CFM56-3 engines on the second generation 737-300,-400, and -500 models. The original
737-100 and -200 aircraft were equipped with low bypass ratio JT8D engines, having a diameter of ^42
inches (ref. 23). The minimum nacelle ground clearance on the 737-100 and -200 was only 20 inches (ref.
16). Integration of the higher bypass ratio CFM56-3 (BPR=6), which has a fan diameter of 60 inches (ref.
24), required side mounted engine accessories and a "squashed" nacelle shape to arrive at a minimum
nacelle ground clearance of 18 inches (ref. 16). This arrangement was retained for integration of the
newer CFM56-7B engine on the 737-600, -700, -800, -900 aircraft. Given the extreme measures required
to integrate a 60 inch diameter engine on the 737, it is not likely that a larger engine could be retrofitted to
a current 737-800 without other configuration changes. Although the basic 737-800 geometry was used
for the airframe in this study, adjustment in landing gear length was necessary to accommodate larger
engines. A simple geometric method was developed to estimate the required landing gear length based on
two constraints. First, a minimum nacelle ground clearance constraint is applied. This minimum clearance
was set at 18 inches, the same clearance as the current 737-800. A second constraint is then applied to
avoid the potential of engine damage in the case of a nose gear collapse, which was identified as a
potential gear length sizing constraint in reference 4. These calculations were automated in a spreadsheet
and linked to the FLOPS analysis to capture changes in required landing gear length during aircraft
sizing.

The main landing gear length required to meet the minimum nacelle ground clearance is a function of
the nacelle maximum diameter, the spanwise location of the nacelle, the wing dihedral, the spanwise
location of the main gear, and the "nacelle-wing offset" (defined here as the vertical distance between the
top of the nacelle and the local wing chord line):

L1 — zmin + dnac — ((ynac ygear) tan(I' ) — 4znac) ^

where, as shown in Figure 5,
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L 1 	 = required distance from ground to attach point (compressed)
zmin = minimum ground clearance (1.5 ft in this case)
dnac = nacelle maximum diameter, ft
ynac = nacelle spanwise location (distance from centerline, ft)
ygear = main gear spanwise location (distance from centerline, ft)
I'	 = wing dihedral
∆znac = nacelle-wing offset, ft

Figure 5. Nacelle ground clearance geometry.

Nacelle diameter was based on the engine model characteristics, scaled in proportion to the square root
of engine thrust during thrust sizing. Note that although the current 737 designs have a "squashed" nacelle
shape, circular nacelles were assumed for this study. The unique shape of the 737 nacelles resulted from
constraints imposed by a derivative design situation and it is unlikely that such a measure would be taken
in the case of a completely new aircraft design. The gear location and wing dihedral inputs were based on
the 737-800 geometry. Nacelle-wing offset was assumed to be 5% of nacelle diameter based on drawings
of nacelle-wing interfaces contained in reference 4. The vertical offset for the CFM56-7B installation on a
737-800 is much smaller than this typical value because of the limited space available to accommodate
the nacelle. Although the capability to vary engine spanwise location was included in the method,
changes in engine placement were not investigated as part of this study and the relative spanwise
locations of the study engines (i.e., fraction of semi-span) were assumed to be the same as the CFM56-7B
on the 737-800.

The main landing gear length necessary to avoid engine damage in the case of nose gear collapse is
more dependent on the overall geometric layout of the airplane than the length necessary to maintain
basic nacelle clearance. Additional relevant geometric parameters include: horizontal distance between
nacelle maximum diameter point (ground contact point) and main landing gear ground contact point,
horizontal distance between the lowest forward fuselage point (i.e., point that would contact the ground in
case of nose gear collapse) and main landing gear contact point, vertical distance between main landing
gear attachment point and lowest forward fuselage point. These parameters are illustrated in Figure 6.
The required main landing gear length is given by:
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where, as shown in Figure 6,

L2	 = required distance from ground to attach point (compressed)
∆xnac = horizontal distance between nacelle maximum diameter and main landing gear contact, ft
∆xfus = horizontal distance between fuselage contact and main landing gear contact, ft
∆zfus = vertical distance between main landing gear attach and fuselage contact, ft

zfus	

L2

Figure 6. Nose gear collapse geometry.

Values for ∆xfus and ∆zfus were estimated based on the 737-800 geometry and held fixed for all the
ASAT cases. For ∆xnac an approximate value was obtained using the nacelle length determined by the
propulsion modeling, placing the engine nacelle at a "typical" chordwise location on the wing (with
variation based on spanwise engine location) and maintaining the chordwise location of the main gear the
same as on the 737-800.

The final main landing gear length estimate was based on the larger of L 1 and L2. Since these lengths
are from the main landing gear ground contact point to the attachment point while in a compressed state,
to arrive at the extended strut length for input to FLOPS the tire radius was subtracted and the length was
increased 20% (based on 737-800 landing gear compression). Available under-wing volume and
articulation requirements for gear retraction were not addressed. Nose gear length was assumed to be 70%
of main gear length, consistent with the FLOPS internal nose gear length estimation assumptions.

3.2.3.2 Drag Increment for One-Engine-Out Conditions

When one engine of the aircraft fails, there is an increase in drag due to a combination of the
windmilling drag of the inoperative engine and an increase in airframe drag associated with balancing the
yawing moment induced by an asymmetric thrust condition. The larger physical size of UHB engines
leads to larger engine-out drag which can impact the performance and stability and control of the vehicle.

Windmilling drag estimates for each of the study engines were made using a method from reference
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22. Reference 22 provides approximations for both additional external drag and internal drag of a
windmilling engine. External drag is approximated by:

(	 )	 (	 ) 2C D S ext 0 . 1 R π d i I4

where,

di 	 = engine inlet diameter

An estimate for internal drag is obtained from:

r(	 _	 2	 VN r _ VN 1.
\
CD S )in 1 + 0.16M 2 

AN 

V 1 V ,

where,

M = free stream Mach number
AN = nozzle area
VN/V = nozzle velocity ratio (suggested values based on engine type are provided in ref. 22.)

The internal drag expression is evaluated separately for the core and bypass airflows and the results added
together along with (CDS)ext to arrive at the total windmilling drag estimate.

When one engine is inoperative, there is a yawing moment induced by the thrust of the operative
engine and windmilling drag of the inoperative engine. This yawing moment must be counteracted by the
airframe to maintain steady, controlled flight. The yawing moment coefficient induced, CNoeo , is given by:

(	 )T D ywm nac
CNoeo — 

/pV 2 S b
wing

where,

Swing = wing reference area, ft2

b	 = wingspan, ft
T	 = thrust of operating engine, lb
Dwm = windmilling drag of inoperative engine, lb
p	 = air density, slugs/ft 3

V	 = flight velocity, ft/s

The drag associated with counteracting this moment depends on the stability and control characteristics of
the vehicle. A detailed stability and control analysis was not performed for the ASAT configurations.
However, available low speed aerodynamic data for the 737-800 included CD versus CN. This was used
to approximate control drag increments for the ASAT analysis.

The estimation of total engine-out drag was automated in a spreadsheet linked to the FLOPS analysis
so that engine-out drag was updated during aircraft sizing. The engine-out analysis was conducted at sea
level and, as in reference 4, at a Mach number of 0.2 since FLOPS uses engine-out drag in takeoff
analysis, impacting takeoff performance and engine thrust needed to meet minimum climb gradients for
the one-engine-out conditions. Estimated engine-out drag was also used in vertical tail sizing as will be
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described below. Another potential impact of increased engine-out drag is reduction in ETOPS (Extended
Twin-Engine Operations) capability (i.e., how far atwin-engine aircraft's route can be from an alternate,
emergency airport based on performance in the one-engine-out flight condition). ETOPS performance
was not addressed in this study.

3.2.3.3 Vertical Tail Sizing

As defined in the Federal Aviation Regulations (FAR 25.149), a minimum control speed, V MC, must
be established at which, "when the critical engine is suddenly made inoperative, it is possible to maintain
control of the airplane with that engine still inoperative and maintain straight flight with an angle of bank
of not more than 5 degrees." (ref. 25) (VMC is a takeoff parameter, minimum control speeds are also
defined in FAR 25.149 for ground roll and landing approach.) FAR 25.149 specifies that this minimum
control speed cannot exceed the reference stall speed (VSR) by more than 13%. VMC is a function of the
stability and control characteristics of the aircraft, maximum thrust of the operating engine, and
windmilling drag of the inoperative engine. For a conventional airframe, the yawing moment needed to
counteract the asymmetric thrust of aone-engine-out condition is provided primarily by the vertical tail.
Because large diameter engines have larger windmilling drag, it is possible that the vertical tail size of the
737-800 is insufficient to achieve a suitable VMC for the study configurations. Asimple vertical tail sizing
routine was developed that considers two constraints, a minimum tail volume coefficient and a maximum
"vertical tail loading" during one-engine-out conditions. This calculation was automated in a spreadsheet
and linked to the FLOPS analysis to capture variation in required tail size during aircraft sizing.

Since no stability and control analyses were performed for the ASAT configurations, the vertical and
horizontal tail volume coefficients of the 737-800 were assumed to be the minimum values for which
acceptable stability and control characteristics could be achieved. This assumption provided a minimum
vertical tail size:

b
SVT min — VV min Swing 

l ^
V

where,

VVmin = minimum acceptable vertical tail volume coefficient
Swing = wing reference area, ft2

b	 = wingspan, ft
lV 	 = vertical tail moment arm (distance between wing and tail aerodynamic centers), ft

Wing reference area and span vary as aircraft sizing is performed by FLOPS. The tail moment arm
was assumed to be essentially constant and was based on the 737-800 geometry.

Determining whether or not one-engine-out trimmed flight can be achieved within the FAR mandated
5° bank angle limit requires knowledge of stability parameters such as C n , CY , and C l . A simplified
approach was implemented for this study considering only the forces and moments generated by the
engines and the vertical tail. Using engine thrust, windmilling drag, spanwise engine location, and vertical
tail moment arm, the side force on the tail, Yoeo , required to balance the engine-out yawing moment can be
estimated:
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Given a maximum "vertical tail loading" (lb/ft 2), the tail area required to provide the necessary side
force, Yoeo , can be calculated.

Yoeo
SVToeo —	 ;

VLmax

where,

SVToeo = required tail size based on one-engine-out condition, ft 2

VLmax = maximum allowable vertical tail loading, lb/ft 2

To arrive at a reasonable estimate for VLmax, the loading of a 737-600 vertical tail during one-engine-
out conditions was examined. The 737-600 has a much shorter fuselage than the 737-800 and, even
though the engine thrust is lower, the side force required to balance anengine-out condition is greater
than for the 737-800. Based on the geometry of the 737-600 and an engine windmilling drag estimate
using the methods described above, the vertical tail loading for the 737-600 was estimated to be 26.1
lb/ft2 . This value was then used as a limit in the ASAT analysis. The greater of SVTmin and SVToeo was used
for the vertical tail area input to FLOPS.

3.2.3.4 Nacelle Drag

FLOPS internally estimates nacelle profile drag based on the nacelle diameter and length (provided by
WATE output). The larger nacelle size of an UHB engine directly impacts the profile drag estimate. In
addition to profile drag, the nacelle can also contribute wave drag, interference drag, and excrescence
drag. The FLOPS aerodynamic analysis does not directly address these additional drag components, but
includes a "miscellaneous drag" which is a percentage of the profile drag. For this study it was assumed
that the miscellaneous drag percentage did not vary with nacelle diameter. That is, the increase in
interference drag, excrescence drag, and wave drag due to a larger nacelle was assumed to be proportional
to the increase in profile drag. One might expect that as the size of the nacelle relative to the wing
increases, nacelle-wing interference issues and their contribution to total nacelle drag would also increase.
There are indications, however, that pylon shape and orientation can mitigate these issues. For example,
results in reference 26 indicate a lower installation drag penalty fora "superfan" nacelle (BPR^18) than
for a conventional BPR^6 engine nacelle. It is even possible that positive wing-nacelle interference
effects could be realized through optimum wing and nacelle shaping. This potential for favorable
interference was not included as part of the current study.

3.3 Noise Analysis

The primary tools used for the noise analysis included: NPSS for the engine cycle analysis; WATE for
the engine aeromechanical and flowpath analysis; FLOPS for the aircraft trajectory simulation; and
ANOPP (Aircraft Noise Prediction Program) Level 26 (refs. 27, 28) for the source noise prediction and
propagation. The NPSS and WATE codes were used to generate input data necessary for the ANOPP
source noise modeling. Adjustments for noise reduction technologies were made to the source noise
spectra prior to propagation. ANOPP noise propagation modeling included spherical spreading,
atmospheric attenuation, ground effects, reflections, and lateral attenuation. The Effective Perceived
Noise Level (EPNL) was calculated at the noise certification points defined in FAR Part 36 (ref. 29, see
Figure 7). EPNL is an integration of the ground observer perceived noise time history which depends on
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aircraft trajectory, noise spectra propagation, frequency integration, and tonal content and amplitude
penalties.
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Figure 7. Noise certification points.

3.3.1 Noise Analysis Validation

The noise analysis tools were first used to model a 737-800/CFM56-7B and the analytical results were
compared to noise certification data for that airplane. The CFM56-7B engine was analytically modeled in
NPSS using data available from several public-domain sources; no company proprietary data were used.
The thermodynamic, aeromechanical, and geometric predictions for the CFM56-7B were used as inputs
to ANOPP's propulsion source noise prediction methods. Freefield, lossless, 1/3rd octave band sound
pressure level predictions were made for the CFM56-7B fan, jet, and core sources using the methods
reported in references 30, 31, and 32, respectively. The predicted hardwall fan noise spectra were
analytically adjusted by ANOPP to account for the presence of conventional acoustic treatment according
to the method in reference 33. Freefield, lossless, 1/3 rd octave band spectra for flap, slat, gear, and trailing
edge airframe noise sources were predicted using the method in reference 34.

Using an assumption of acoustic superposition, the freefield noise sources were analytically summed
in the vicinity of the aircraft and propagated to certification observers on the ground in accordance with
specifications for certification measurements. Noise propagation effects accounted for included spherical
spreading, Doppler shift and convective amplification, atmospheric attenuation, ground reflections based
on data for grass-covered ground, and extra ground attenuation. The propagated acoustic spectra were
predicted at half-second intervals at each measurement location. From these spectra, ANOPP computed
the PNL, PNLT, and EPNL certification noise metrics for the aircraft.

Good agreement between the certification data and analytical prediction was obtained for the lateral
(sideline) and approach conditions. Noise at the flyover condition was over predicted by approximately 4
EPNdB. Through more detailed analysis and comparison of predicted source noise levels to proprietary
data it was determined that the ANOPP fan noise predictions could be about 5 dB too high at the flyover,
cutback power setting. There are many sources of uncertainty in the noise analysis process, however,
including the engine cycle and aeromechanical modeling (NPSS and WATE), the trajectory and throttle
setting assumptions, and many other potential discrepancies. Because the exact cause of the error cannot
be readily determined and the level of error in the results was deemed acceptable for this comparative
study, no attempt was made to calibrate the noise analysis tools and eliminate the discrepancy between
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predicted and actual737-800 noise levels.

The noise analysis approach, methods, and assumptions were examined by acoustics experts at NASA
Glenn and NASA Langley in an acoustic tool benchmarking assessment (refs. 35, 36). Scrutiny of the
ANOPP source noise methodologies did not reveal any fundamental issues with regard to the study
analysis. Comparisons of ANOPP component source noise predictions to experimental component data
indicated that the ANOPP methods are generally applicable to aircraft with ultra-high bypass ratio
engines (refs. 37, 38, 39). One area of particular concern was the applicability of the fan noise module to
modern fan designs. Benchmarking of this module against experimental acoustic test data indicated that
the fan noise module is generally applicable to modern, wide-chord, highly-contoured fan blade designs
(ref. 37).

Higher bypass ratio, lower fan pressure ratio engines have inherently higher thrust lapse (i.e., available
thrust decreases more rapidly with increase in aircraft speed). The impact of higher thrust lapse is
manifested in changes in climb rates, airspeeds, and throttle settings for takeoff and landing trajectories.
Certification noise is impacted by these trajectory changes since propulsion noise is a strong function of
throttle setting, airframe noise is a strong function of airspeed, and altitude and distance from the observer
strongly affect noise from all sources. These engine dependent trajectory characteristics can be captured
in the analysis by the modeling of detailed departure and approach trajectories in FLOPS, which in turn
enables the influence of trajectory on the noise results to be properly captured. (Note, however, that
except for engine-out drag, the low speed aerodynamic characteristics were held constant across all the
study configurations.) To verify the accuracy of the FLOPS low speed model, trajectory results from the
FLOPS model were compared to trajectories from SAE AIR-1845 INM (Integrated Noise Model)
empirical procedures (ref. 40). In Figures 8 through 10, altitude, airspeed, and thrust histories from
FLOPS using the INM specified departure procedures are compared to the INM trajectory results. The
FLOPS output shows excellent agreement with the INM trajectories, especially through the distances of
interest for noise calculations at the certification points. Note that the FLOPS model is based on the 737-
800 with winglets, whereas the INM results are for a basic 737-800. One of the benefits of winglets is
improved takeoff and climb performance (ref. 18) and this configuration difference may be responsible
for some of the discrepancies in the trajectory results.
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Figure 10. Comparison of FLOPS generated and INM generated departure thrust.

In Figures 11 through 13, altitude, airspeed, and thrust histories from FLOPS are compared to the INM
trajectory results for approach. There are slightly larger discrepancies between FLOPS and INM in the
case of approach. It does not appear, however, that the same basic approach procedures are reflected in
both cases. The approach angle indicated by the INM results is slightly greater than the 3° standard
approach angle specified in the FLOPS input. Approach speed is also higher for the INM trajectory. By
default, the approach speed selected by FLOPS is the minimum allowable approach speed based on the
aircraft stall characteristics. With these differences the FLOPS model also predicts a thrust which is ^^8%
lower than in the INM approach profile. The results in Figures 8 to 13 indicate that the FLOPS detailed
profile calculations are capable of adequately modeling departure and approach procedures and therefore
can be used to introduce vehicle specific trajectory variations in the noise analysis.
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3.3.2 Advanced Noise Reduction Technology Assumptions

A series of advanced noise reduction technologies were applied to the study configurations consistent
with the 2015 EIS target for the vehicle.

Chevrons were applied to all core nozzles and to all fixed-area bypass nozzles. Chevrons were not
applied to bypass nozzles of the low fan pressure ratio engines with variable area nozzles due to potential
conflict with the variable area nozzle design. Jet noise benefits of the nozzle chevrons were determined
analytically using the 2004 Stone jet noise prediction method in ANOPP (ref. 31). This method is based
on 1997 acoustic measurements of chevron-equipped nozzles from NASA Glenn's Aeroacoustic
Propulsion Laboratory's Nozzle Acoustic Test Rig freejet facility (ref. 41). The Stone chevron method
predicts reductions in large- and intermediate-scale jet mixing noise and an increase in small-scale (high
frequency) jet mixing noise near the nozzle exit plane.

Conventional inlet, interstage, and aft fan duct liners were applied to reduce fan inlet and discharge
noise. The benefits of these liners were modeled by applying an acoustic suppression "map" of 1/3 rd

octave band sound pressure level decrements to the hardwall fan source spectra predicted by ANOPP.
This approach differs from the 737-800/CFM56-7B validation study described above, where ANOPP's
built-in treatment suppression prediction module was used (ref. 33), since a more aggressive treatment
configuration would likely be used in an advanced engine. The liner suppression map was based on
measured acoustic data of 22-inch diameter fan test articles in NASA Glenn's 9 X 15 Low Speed Wind
Tunnel (ref. 42). The most effective treatment tested proved to be double degree of freedom liners applied
to the inlet, interstage, and aft bypass duct areas. These liners were tuned to attack the discrete interaction
tone's second harmonic at maximum takeoff-rated power. An initial treatment suppression map was
generated based on the measured differences between the treated and hardwall measurements. This simple
map was scaled from the 22-inch model dimensions to full scale using standard FAR 36 frequencies. The
data were then smoothed with a regression technique to fit a modified Weibull probability density
function as shown in Figure 14. AWeibull-shaped curve was chosen since liner effectiveness is small at
low frequencies and increases to a maximum near its tuned frequency. The logarithm of the ratio of inlet

22



_ _	 Treatment
``"^ Suppression

(dB)

diameter to wavelength is an appropriate choice for the independent parameter. Low-frequency liner self
noise, caused by air flow and surface roughness, is small and is ignored in this regression. The complete
treatment suppression map is shown in Figure 15. Maximum effectiveness is approximately 12 dB at an
emission yaw angle of 99° from the inlet.
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In addition to conventional liners, two advanced technologies were applied for fan noise reduction;
soft vane stators and over-the-rotor foam metal treatment (refs. 43, 44). Both of these technologies are
applications of acoustic treatment in areas of the engine which currently do not have treatment: the fan
vanes and above the fan rotor tips. The treatments in these locations attenuate both fan broadband and
tone noise and are anticipated to work together without conflict to produce additive fan noise reduction
benefits. Acoustic tests of both of these technologies were conducted at NASA Glenn in 2008. Based on
these tests, asystem-level decrement of -4 dB was applied to the freefield hardwall fan source noise
predictions made by ANOPP. This system-level decrement was applied as a simple constant to the
predicted fan sound pressure levels across all 1/3 rd octave band frequencies, directions, and throttle
settings.

Airframe noise reduction technologies included innovative slat cove designs, flap porous tips, and
landing gear fairings. These technologies are considered mature enough to be commensurate with the
2015 EIS timeframe (ref. 45). The flap porous tips and slat cove filler technologies were modeled by
subtracting 4 dB across all frequencies and directions from the freefield 1/3 rd octave band sound pressure
levels predicted by ANOPP's Fink method (ref. 34) for flap and slat noise. The landing gear fairing
technology was modeled by subtracting 3 dB from the Fink gear method prediction for all directions, but
only above 250 Hz. These benefit assumptions were based on consultation with acoustic researchers in
NASA's Subsonic Fixed Wing project.

4.0 Spiral l

4.1 Spiral l Engine Design

NPSS was utilized to develop a series of advanced, separate-flow turbofan engines under the study
assumptions and ground rules discussed in Section 3.1. Because of the multiple performance requirements
placed on the engine, engines were modeled using a "multi-point design" philosophy. This approach
combines the ability to size turbomachinery components at the aerodynamic design point (ADP) while
concurrently determining the necessary turbine cooling levels at sea-level where the maximum cycle
temperatures are experienced. A range of cycles were produced to span the fan pressure ratio, high-
spool/low-spool compression split, fan drive type, and fan nozzle type design space. All engines in Spiral
1 were nominally sized to produce 5000 lb of thrust at top-of-climb (ADP point) and 23,000 lb of thrust at
sea-level static conditions. After completing the thermodynamic modeling, an engine weight and flowpath
approximation was performed with WATE utilizing a consistent set of aeromechanical and material
assumptions.

4.1.1 Low Work Engines

General characteristics of the Spiral 1, low work engines are shown in Table 2. The following naming
convention is used in Table 2 and throughout this report to identify the engine designs: spiral-LPC work
(Lo or Hi) fan drive (g for geared or dd for direct) fan pressure ratio. "S1-Lo-g-1.3" therefore indicates a
Spiral 1 engine with a low work LPC and geared fan having a fan pressure ratio of 1.3. Overall pressure
ratio for the Spiral 1 engines is 32 at the top-of-climb, ADP conditions of 35,000 ft and M=0.80 (overall
pressure ratio of 32 is based on a multiplication of component pressure ratios and does not account for
duct pressure losses). This overall pressure ratio is achieved with a HPC pressure ratio of 13.5 and a LPC
pressure ratio which varies depending on fan pressure ratio. Engine models include geared fan
configurations with fan pressure ratios (ADP) of 1.3 to 1.6 (bypass ratios of 24.7 to 10.6) and direct drive
configurations with fan pressure ratios (ADP) of 1.4 to 1.7 (bypass ratios of 17.3 to 8.8). TSFC at ADP
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decreases from 0.554 lb/(lb-h) with a fan pressure ratio of 1.7 to 0.495 lb/(lb-h) with a fan pressure ratio
of 1.3 (-11%), reflecting the improvement in propulsive efficiency associated with increasing bypass ratio
from 8.8 to 24.7. However, this improvement comes with a significant increase in engine weight. The
weight of the geared, FPR=1.3 engine is 70% more than the direct drive, FPR=1.7 design. For a given fan
pressure ratio, the geared and direct drive engines have similar size and fuel consumption characteristics.
The only cycle performance difference associated with the fan drive approach is the inclusion of a small
efficiency loss in the low-spool to account for gearbox losses, other losses and component efficiencies are
assumed to be the same for both fan drive types. This results in a slightly larger LPT work requirement
for the geared engines, reducing the bypass ratios slightly. The primary difference between geared and
direct drive engines is the engine weight.

The geared, FPR=1.3 and direct drive, FPR=1.4 engines have been labeled "impractical" designs. An
extremely low SLS fan pressure ratio of 1.2 and a very large engine diameter are issues for the geared,
FPR=1.3 engine. The large diameter leads to an unrealistically long landing gear given the propulsion-
airframe integration approach assumed for the study. The direct drive, FPR=1.4, BPR=17 design is an
extreme case for the direct drive engine architecture. Under the design ground rules used for this study,
the slow low-spool speed necessitates a large number of LPT stages, leading to an extremely heavy and
long engine. Both of these engines were carried through the remainder of the analyses, however, in order
to investigate performance trends as fan pressure ratio is decreased to the extreme. There are also
potential practicality issues for the high fan pressure ratio geared engines. Although the gear ratio for the
FPR=1.3 engine is 3.0, this ratio decreases to only 1.2 for the FPR=1.6 geared engine. Gear ratios close to
1.0 are difficult to justify from a mechanical design standpoint since any weight or performance benefits
that might result would likely be overwhelmed by the increased design and operational costs associated
with the gearbox.

4.1.2 High Work Engines

General characteristics of the Spiral 1, high work engines are shown in Table 3. The high work
engines have the same ADP conditions as the low work engines. The difference is in how the overall
pressure ratio of 32 is achieved. For the high work engines, the HPC pressure ratio was assumed to be 10.
Consequently, a larger amount of the compression work is done by the LPC. LPC pressure ratios were
selected to produce an overall pressure ratio of 32 as fan pressure ratio varied. High work engine models
include geared fan configurations with fan pressure ratios (ADP) of 1.3 to 1.6 (bypass ratios of 23.4 to
9.9) and direct drive configurations with fan pressure ratios (ADP) of 1.4 to 1.7 (bypass ratios of 16.4 to
8.3). As with the low work engines, there is an 11%decrease in TSFC from the highest of 0.558lb/(lb-h)
for a fan pressure ratio of 1.7 to the lowest of 0.498 lb/(lb-h) for a fan pressure ratio of 1.3. The weight
variation across the fan pressure ratio range is not as large as for the low work designs and this
architecture appears to benefit more from fan gearing. As was the case for the low work engines, the
geared and direct drive high work engines have a small performance difference resulting from gearbox
losses. The primary difference again between direct drive and geared fan systems for a given fan pressure
ratio is in the engine weight. Gear ratios for the high work engines vary from 3.3 at the lowest fan
pressure ratio to 1.5 at the highest fan pressure ratio. The slightly higher gear ratios for the high work
engines compared to the low work engines are reflective of the larger mismatch between the fan and low
spool optimum speeds when the low spool is designed to perform more compression work. The lowest
fan pressure ratio geared and direct drive cases again lead to impractical designs under the study
assumptions.
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Table 2. General Characteristics of Spiral 1, Low Work Engine Models

S1-Lo-g-1.3* S1-Lo-g-1.4 S1-Lo-dd-1.4* S1-Lo-g-1.5 S1-Lo-dd-1.5 S1-Lo-g-1.6 S1-Lo-dd-1.6 S1-Lo-dd-1.7

Fan Drive/Gear Ratio Geared/3.0 Geared/2.0 Direct Drive Geared/1.5 Direct Drive Geared/1.2 Direct Drive Direct Drive

Fan Diameter, in 92 80 80 73 73 68 68 64

Fan Nozzle Geometry Variable Variable Variable Fixed Fixed Fixed Fixed Fixed

Engine+Nacelle Weight, lb 9695 7921 10127 6967 7453 6622 6211 5682

Nacelle Max Diameter, ft 9.4 8.2 8.2 7.5 7.5 6.9 6.9 6.5

Operating Conditions SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC

Fan Pressure Ratio 1.2 1.3 1.3 1.4 1.3 1.4 1.39 1.5 1.39 1.5 1.49 1.6 1.49 1.6 1.6 1.7

Bypass Ratio 24.1 24.7 16.8 17.1 16.9 17.3 13.3 13.1 13.5 13.3 10.9 10.6 11.0 10.7 9.2 8.8

Overall Pressure Ratio 22.9 32 24.8 32 24.8 32 25.7 32 25.7 32 26.7 32 26.7 32 27.6 32

Net Thrust, lb 23002 5000 22984 5000 23002 5000 22981 5000 23001 5000 22981 5000 23002 5000 23001 5000

TSFC, lb/(lb-h) 0.218 0.495 0.251 0.509 0.249 0.504 0.273 0.526 0.271 0.521 0.296 0.542 0.293 0.537 0.316 0.554

NOx Emission Index (g/kg) 15.9 7.2 17.6 6.1 17.6 6.1 18.3 5.7 18.3 5.7 19.1 5.4 19.1 5.4 19.9 5.1

*Design ground rules lead to impractical design for these cases.

Table 3. General Characteristics of Spiral 1, High Work Engine Models

S1-Hi-g-1.3* S1-Hi-g-1.4 S1-Hi-dd-1.4* S1-Hi-g-1.5 S1-Hi-dd-1.5 S1-Hi-g-1.6 S1-Hi-dd-1.6 S1-Hi-dd-1.7

Fan Drive/Gear Ratio Geared/3.3 Geared/2.3 Direct Drive Geared/1.8 Direct Drive Geared/1.5 Direct Drive Direct Drive

Fan Diameter, in 92 80 80 73 73 68 68 64

Fan Nozzle Geometry Variable Variable Variable Fixed Fixed Fixed Fixed Fixed

Engine+Nacelle Weight, lb 8813 7336 10545 6472 8019 6047 6784 5949

Nacelle Max Diameter, ft 9.4 8.2 8.2 7.5 7.5 6.9 6.9 6.5

Operating Conditions SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC

Fan Pressure Ratio 1.2 1.3 1.3 1.4 1.3 1.4 1.4 1.5 1.4 1.5 1.5 1.6 1.49 1.6 1.6 1.7

Bypass Ratio 23.1 23.4 16.0 16.2 16.2 16.4 12.7 12.4 12.8 12.5 10.3 9.9 10.4 10.0 8.6 8.3

Overall Pressure Ratio 22.7 32 24.6 32 24.6 32 25.6 32 25.6 32 26.6 32 26.6 32 27.5 32

Net Thrust, lb 23005 5000 23003 5000 23023 5000 22998 5000 23017 5000 22999 5000 23016 5000 23023 5000

TSFC, lb/(lb-h) 0.220 0.498 0.254 0.512 0.251 0.507 0.277 0.529 0.274 0.524 0.300 0.546 0.297 0.541 0.321 0.558

NOx Emission Index (g/kg) 15.0 6.6 16.5 5.6 16.5 5.6 17.2 5.2 17.2 5.2 18.0 4.9 18.0 4.9 18.8 4.6

*Design ground rules lead to impractical design for this case
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4.1.3 Engine Comparison

Figures 16 through 19 present the engine data in a graphical form to enable easier comparison among
the multiple Spiral 1 engines. The dashed-line portions of the curves extending out to the lowest fan
pressure ratio points indicate these designs are impractical given the ground rules used for this study.

Figure 16 indicates a smooth and consistent variation of bypass ratio with fan pressure ratio. With the
modeling approach used for this study, the choice of fan drive system has minimal impact on the
relationship between fan pressure ratio and bypass ratio. For a given fan pressure ratio, the low work
engines have a slightly higher bypass ratio. This is a result of the high-spool/low-spool work split
assumption. Typically, the LPC is a less efficient component than the HPC. As such, at a given fan
pressure ratio the overall power required from the turbines is greater for a high work engine since more of
the compression is performed by the less efficient LPC. The core flow required is therefore larger,
reducing the bypass ratio. The impact of design fan pressure ratio on TOC specific fuel consumption is
approximately linear as shown in Figure 17. For a given fan pressure ratio and fan drive type, the low
work engines have somewhat lower TSFC than the corresponding high work engines because of their
higher bypass ratio. The difference in TSFC is rather small, however, at less than 1%. The effect of fan
drive configuration on TSFC is also less than 1%, with the geared drive engines having slightly higher
TSFC than their direct drive counterparts due to gearbox losses. The nacelle diameter variation with
design fan pressure ratio (Figure 18) is insensitive to the choice of fan drive approach and compressor
work split. This is expected since regardless of how the fan is mechanically driven or how the
compression work is split between the low spool and high spool, achieving the same thrust with the same
fan pressure ratio should require the same amount of mass flow and thus the same size fan/nacelle. This
consistency in engine size is also reflected in the fan diameters (see Table 2 and Table 3). Nacelle
diameters for the Spiral 1 engines vary from 6.5 to 9.4 ft. By comparison, the nacelle diameter for the
NASA CFM56-7B type engine model is 7.0 ft. (The actual CFM56-7B engine nacelle is not cylindrical
and the nacelle height, critical for airframe integration, is less than 7 ft).

Top-of-Climb Fan Pressure Ratio

Figure 16. Variation of bypass ratio with fan pressure ratio, top-of-climb conditions, Spiral 1.
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Figure 18. Variation of nacelle maximum diameter with fan pressure ratio, Spiral 1.
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Figure 19. Variation of engine+nacelle weight with fan pressure ratio, Spiral 1.

Engine architecture has the largest impact on engine weight as shown in Figure 19. For a direct drive
configuration, the low work designs have lower weight than the corresponding high work designs. The
magnitude of this benefit is fairly constant across the fan pressure ratio range. This lower weight is due
primarily to the high work systems having a larger and heavier LPC and a larger core size than the
equivalent low work engine. Conversely, the high work, geared engines are lighter than their low work
counterparts. The low work engines are not able to take full advantage of the fan gearing benefits because
of the different low-spool/high-spool work split. For all engine types there is a significant weight increase
associated with lower fan pressure ratios. The magnitude of the weight increase depends on the engine
type, however. As the fan pressure ratio and tip speed of the direct drive system decrease, the LPT length
and weight begin to increase rapidly. The growth in LPT size for the direct drive engines could be
mitigated to some extent by changing the LPT design approach; for example, increasing the stage loading
and reducing the number of stages. However, maximum stage loading was considered a technology limit
and increasing loading would require deviating from the design ground rules and assumptions established
for the study engines. Using a geared fan drive system enables the low pressure spool to operate at a more
optimal speed, resulting in a reasonable number of turbine stages. The use of a geared fan drive system
significantly decreases the variation in engine weight with fan pressure ratio, but the engine weight still
grows as fan pressure ratio is decreased because of the larger fan and nacelle required. In the case of the
high work engines, there is a weight benefit from using a geared fan approach up to at least a fan pressure
ratio of 1.6 (based on the shape of the curves, it appears that direct drive may be a lighter weight approach
at 1.7). For the low work engines, there is less weight benefit associated with a geared fan than for the
high work designs. This is because there is less demand on the low pressure compressor and turbine and
less benefit to be gained, therefore, from increasing the speed of the low pressure spool. As a result, the
cross-over point at which gearing is no longer beneficial is at a lower fan pressure ratio ( M 1.55). At higher
fan pressure ratios, the benefits of a geared system, such as reduced LPT stage count, are not sufficient to
offset the penalties (e.g., weight of the gear system). For fan pressure ratios up to 1.6, the geared, high
work engines provide the overall lowest weight designs; above this fan pressure ratio the low work, direct
drive engine is lightest.
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4.2 Spiral l Aircraft Sizing

FLOPS, with additional external analyses for landing gear size, vertical tail size, and engine-out drag,
was used to size/optimize the gross weight, wing area, and thrust needed to perform the design mission
for each of the engine design cases. Other design parameters such as wing aspect ratio and wing taper
ratio were held fi:ed at the 737-800 values. Thrust sizing was performed using the baseline engine
models described in Section 4.1 and FLOPS scaling laws. Constraints used in wing and engine sizing
included: wing fuel capacity, approach speed, missed approach climb, second segment climb, takeoff
field length, and initial cruise altitude capability (expressed as minimum potential rate-of-climb of 300
ft/min at M=0.8, 35,000ft). Other performance aspects of the configurations (e.g., landing field length)
were also checked for reasonableness following completion of the sizing/optimization.

4.2.1 Low Work Cases

Results of the aircraft sizing and analysis are summarized in Table 4 for the Spiral 1, low work
engines. Also shown in Table 4 for reference are results fora 1998 EIS technology level vehicle
(equivalent technology to 737-800/CFM56-7B), sized to match the study design mission of 3250 nm with
a cruise speed of M=0.8. The numbers in bold in Table 4 indicate the "best" value for that particular
parameter (e.g., lowest ramp weight, highest cruise range factor, etc.). The low work engine results
indicate block fuel consumption is minimized with a direct drive fan and a fan pressure ratio of 1.6
(TOC). The bypass ratio for this engine is 11 at SLS conditions. Note that the cruise range factor, which
is an approximate measure of combined aerodynamic and propulsive efficiency, increases as the fan
pressure ratio is reduced. However, this higher efficiency is insufficient to offset the increase in weight
that occurs for the lower fan pressure ratio engines. This clearly illustrates the well-known system level
trade-offs that occur for higher bypass ratio engines, the benefit of lower engine TSFC versus the penalty
of higher drag and higher engine weight. The geared fan system is able to mitigate to some extent the
penalties associated with decreasing fan pressure ratio and increasing bypass ratio. This benefit can be
seen by comparing the FPR=1.4 results for the two fan drive approaches. The aircraft with the geared fan
engine has a lower empty weight, lower ramp weight, lower block fuel consumption, lower total NO x

("block NOx" in the table) and lower landing-takeoff cycle (LTO) NO x emissions. But, even in the case
of the lighter weight geared designs, minimum block fuel occurs at a fan pressure ratio of 1.5. Although
the direct drive, FPR=1.6 engine has the overall lowest block fuel consumption, the fuel consumption for
the FPR=1.5, geared fan design is <1%higher. Lowest total NO x emissions are obtained for a higher fan
pressure ratio case, the direct drive, FPR=1.7 engine. LTO NOx emissions are lowest for the geared,
FPR=1.3 engine; but, the variation in LTO NO x is relatively small among all the cases. Although the
minimum fuel consumption case is the direct drive, FPR=1.6 case, the minimum gross weight occurs with
FPR=1.7. In other words, the decrease in engine weight for that configuration is sufficient to offset the
increase in fuel weight to arrive at a lower total gross weight. Clearly, identifying a "best" engine design
depends on the metric of interest. Ultimately the primary metric is life cycle cost, and historically gross
weight has been used as a surrogate for life cycle cost in aircraft design and optimization. However,
recent increases in fuel cost have made fuel consumption a more important factor in life cycle cost. It may
no longer be valid to assume the lowest gross weight configuration has the lowest life cycle cost.

In all the sizing cases, the sized configuration has lower wing loading than is typical fora 737-800like
design. For the chosen design mission and constraints, takeoff field length is the primary sizing
constraint. The required takeoff distance can be met by a range of different engine and wing sizes. The
penalty of increasing wing size is diminished somewhat for the ASAT configurations relative to current
designs due to the use of composite materials. For the ASAT designs, the preferred (lower gross weight)
approach tends to be a larger wing (low wing loading) rather than a larger engine (high thrust-to-weight).
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Even so, for the low fan pressure ratio cases the SLS thrust of the sized configurations is much larger than
the engine design value of 23,000 lb. The low fan pressure ratio engines have higher thrust lapse during
takeoff and require additional SLS thrust to achieve the same takeoff performance as the high fan pressure
ratio cases. This reduction in engine takeoff performance, coupled with higher aircraft weight leading to
higher thrust required, results in relatively large engine scale factors for these cases. Although engine
scaling laws were used to provide approximate characteristics for these higher thrust engines, the low fan
pressure ratio cases could potentially benefit from redesigned engines that meet takeoff thrust
requirements without scaling.
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Table 4. Aircraft Sizing Results for Spiral 1, Low Work Engines (162 Passenger, 3250nm Design Mission)

1998 Tech.

Baseline

S1-Lo-g-1.3*
(BPR ^ 25)

S1-Lo-g-1.4
(BPR ^ 17)

S1-Lo-dd-1.4*
(BPR ^ 17)

S1-Lo-g-1.5
(BPR ^ 13)

S1-Lo-dd-1.5
(BPR ^ 13)

S1-Lo-g-1.6
(BPR ^ 11)

S1-Lo-dd-1.6
(BPR ^ 11)

S1-Lo-dd-1.7
(BPR ^ 9)

OEW,lb 94700 106100 91700 103200 85250 86750 83600 82200 80200

Mission Fuel, lb 50350 43200 40500 43100 38400 38500 38900 38100 38600

Payload Weight, lb 32400 32400 32400 32400 32400 32400 32400 32400 32400

Ramp Weight, lb 177550 181700 164600 178700 156100 157700 155000 152700 151200

Wing Area,ft2 1470 1760 1400 1660 1380 1400 1365 1340 1315

W/S, lb/ft 2 121 103 116 107 113 113 114 114 115

Thrust(SLS),lb 26100 29800 26700 28000 23600 23800 23200 23000 22600

T/W (takeoff) 0.294 0.328 0.325 0.314 0.303 0.302 0.300 0.301 0.299

Takeoff field length, ft 7000 7000 7000 7000 7000 7000 7000 7000 7000

Landing field length, ft 6020 5440 5850 5570 5720 5720 5750 5750 5790

MCruise Range Factor
A*(L/D)/TSFC, nm

12450 15200 14600 14900 14550 14700 14250 14350 14000

Block Fuel, lb 42600 36400 34100 36350 32500 32600 32900 32250 32600

Block NOX, lb 555 219 186 200 175 176 172 169 164

LTO NOX, lb per cycle 22.2 9.7 10.4 10.7 9.8 9.7 10.3 10.1 10.8

*Design ground rules lead to impractical design for these cases.
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4.2.2 High Work Cases

Sizing results for the Spiral 1, high work engine cases are given in Table 5. For the high work engines,
which experience a larger weight benefit from the geared fan approach than the low work engines, the
lowest block fuel consumption occurs for one of the geared engine cases. The FPR=1.5, geared fan engine
has 2% lower fuel burn than the best direct drive case. The SLS bypass ratio of this engine is 12.7. As
with the low work engines, there is a trade-off between the improved propulsive efficiency associated
with lower fan pressure ratio and the increase in engine weight and drag. The FPR=1.3 and FPR=1.4
geared fan cases have higher cruise efficiency, but higher block fuel consumption. The direct drive,
FPR=1.7 case provides the lowest total NO x emissions and lowest ramp weight, consistent with the low
work engine results. The lowest LTO NO x emissions occur at the completely opposite end of the fan
pressure ratio spectrum, at FPR=1.3.
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Table 5. Aircraft Sizing Results for Spiral 1, High Work Engines (162 Passenger, 3250nm Design Mission)

1998 Tech.

Baseline

S1-Hi-g-1.3*
(BPR ^ 23)

S1-Hi-g-1.4
(BPR ^ 16)

S1-Hi-dd-1.4*
(BPR ^ 16)

S1-Hi-g-1.5
(BPR ^ 12)

S1-Hi-dd-1.5
(BPR ^ 12)

S1-Hi-g-1.6
(BPR ^ 10)

S1-Hi-dd-1.6
(BPR ^ 10)

S1-Hi-dd-1.7
(BPR ^ 8)

OEW,lb 94700 101900 89500 106150 83700 88950 81800 83950 81000

Mission Fuel, lb 50350 42400 40200 44650 38300 39700 38900 39100 39450

Payload Weight, lb 32400 32400 32400 32400 32400 32400 32400 32400 32400

Ramp Weight, lb 177550 176700 162100 183200 154400 161000 153100 155500 152800

Wing Area,ft 2 1470 1700 1400 1720 1370 1420 1340 1350 1300

W/S,lb/ft2 121 104 116 106 113 113 114 115 117

Thrust(SLS),lb 26100 29150 26350 28500 23350 24200 23000 23400 23050

T/W (takeoff) 0.294 0.330 0.325 0.311 0.303 0.301 0.300 0.301 0.302

Takeoff field length, ft 7000 7000 7000 7000 7000 7000 7000 7000 7000

Landing field length, ft 6020 5440 5830 5540 5720 5750 5780 5800 5870

-Cruise Range Factor
A*(L/D)/TSFC, nm

12450 15000 14500 14700 14400 14500 14100 14200 13900

Block Fuel, lb 42600 35700 33900 37700 32450 33600 32900 33200 33300

Block NOX, lb 555 203 176 199 161 167 157 158 150

LTO NOX, lb per cycle 22.2 9.2 9.7 10.3 9.3 9.6 9.9 10.0 10.7

*Design ground rules lead to impractical design for these cases.
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4.2.3 Comparison of Results

The sizing results in Tables 4 and 5 lead to some interesting conclusions. These can be better
highlighted by presenting some of the key results graphically as done in Figures 20 through 24. The
variation of fuel consumption with fan pressure ratio and engine type is shown in Figure 20. Note the
geared FPR=1.3 and direct drive FPR=1.4 cases are connected with dashed lines because these particular
cases do not represent practical designs. However, it is helpful to examine the trends out to those extreme
points. Compressor work split has little to no impact on fuel burn in the case of a geared fan engine.
Evidently, when the low spool is able to operate at its optimal speed, both high and low LPC pressure
ratios can be accommodated with equal effectiveness and efficiency. When the low spool is directly
connected to the fan, the work split has a noticeable impact. The fuel burn curve for the low work direct
drive engines has a shape similar to the high work cases, but is shifted downward. For the high work
engines, the "cross-over" point above which the direct drive configurations have lower fuel consumption
than the geared engines is around FPR=1.6 (perhaps slightly higher). However, because of the better
performance of the low work direct drive engines, this "cross-over" point is shifted to FPR=1.5 for the
low work engines. For a low work approach, a direct drive, FPR=1.6 fan design provides the lowest fuel
consumption. For a high work approach, a geared, FPR=1.5 fan design provides the lowest fuel
consumption. Whether a direct drive or geared fan design provides the lowest fuel burn clearly depends
on other engine design parameters, such as fan pressure ratio and compressor work split. The difference in
fuel consumption for these two distinctly different engine designs is less than 1%. Given the level of
accuracy expected for this type of conceptual design study, the two approaches can be considered
essentially equivalent from a fuel consumption perspective. The lower fan pressure ratio design leads to
lower noise, however, as will be discussed in Section 4.3.

Figure 21 compares the ramp weight results for the Spiral 1 cases. As with fuel consumption, there is a
cross-over point for the direct drive and geared fan approaches. For the low work designs, the direct drive
fan results in lower ramp weight when fan pressure ratio is above 1.52. As with fuel consumption, the
cross-over point is higher for the high work engines. Although not within the range of fan pressure ratios
considered, the cross-over point for high work engines appears to be greater than FPR=1.6. There is a
larger difference between low work and high work geared fan designs in the case of ramp weight than
there was in Figure 20 for fuel consumption. Recall from Figures 17 and 19, that the low work geared
engines have lower TSFC, but higher weight than their high work counterparts. The lower TSFC and
higher weight balance out in the case of fuel consumption but lead to higher ramp weight. As discussed in
Section 4.1.3, at a given fan pressure ratio the fundamental difference among the different engine types is
engine weight. The cross-over points in ramp weight are therefore similar to the cross-over points in
engine weight (see Figure 19).
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Figure 21. Variation of ramp weight with fan pressure ratio and engine type, Spiral 1.

NOx emission characteristics are compared in Figures 22 through 24. These results are based on
advanced combustor technology as represented by the NASA low NOx correlation described in Section
3.1. Total NOx emissions over the entire mission, or block NO x emissions, are presented in Figure 22.
For both the low work and high work engines, minimum block NOx occurs for the FPR=1.7, direct drive
engine design. Although the block fuel consumption is higher for the FPR=1.7 cases than for the FPR=1.6
cases, the total NOx emitted is lower which indicates the higher fuel consumption is offset by a lower
cruise NOx emission index. A decrease in emission index as fan pressure ratio is increased is also evident
in Tables 2 and 3 for the TOC condition. The NOx emission index is most strongly influenced by
combustor design and pressure and temperature conditions across the combustor. For the study, all the
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engines were assumed to have the same combustor design (i.e., the same emission correlation equation
was used). At TOC, the overall pressure ratio is also the same for all the engines. However, the combustor
temperature conditions at TOC do vary, with combustor exit temperature increasing as fan pressure ratio
decreases. The higher combustor exit temperatures for the low fan pressure ratio engines help to mitigate
thrust lapse and improves fuel consumption, but leads to a higher NO x emission index. At a given fan
pressure ratio, the low work engines have higher NO x emission indices than the high work engines. A
primary reason is the differences in the engine architecture. As mentioned previously, the low work
engines have slightly higher bypass ratio. Slightly higher combustor temperatures are needed to achieve
the design thrust targets, resulting in higher NOx emissions. In Figure 23 the engine landing-takeoff cycle
(LTO) NOx parameter "Dp/Foo" is presented. This parameter, defined by the International Civil Aviation
Organization (ICAO) and used in FAR Part 34 engine certification, is the grams of NO x emitted over a
standard LTO cycle (by a single, uninstalled engine) divided by rated output at SLS conditions. There is a
consistent downward trend in Dp/Foo with decreasing fan pressure ratio; fan drive approach has little
impact on this parameter because at a given fan pressure ratio there is little difference in the cycle
performance for the two fan drive approaches. As with total NO x, there is an increase in LTO NOx for the
low work designs, but the difference is much smaller than it was for total NO x. Although all the engines
have the same overall pressure ratio at the top-of-climb design condition, overall pressure ratio at takeoff
conditions decreases with decreasing fan pressure ratio. This lower overall pressure ratio for the low fan
pressure ratio cases leads to lower LTO NO x. LTO NOx is often presented simply in terms of the ICAO
Dp/Foo emissions parameter. This parameter alone does not account for differences in engine weight and
performance which can lead to differences in the required thrust level (Foo) when the engine is integrated
into an overall aircraft design. Lower Dp/Foo does not necessarily result in lower total LTO NO x

emissions. The estimated NOx per LTO is compared in Figure 24. NOx per LTO has been estimated by
multiplying the ICAO Dp/Foo parameter by the total engine thrust. The NO x per LTO curves do not follow
the same trends as Dp/Foo. For the direct drive engines, the larger thrust needed for the FPR=1.4 cases
leads to higher NOx per LTO than the FPR=1.5 case, even though Dp/Foo is lower. For the geared fan
cases, NOx per LTO falls again as fan pressure ratio is decreased to 1.3, indicating the decrease in D p/Foo

is greater than the increase in thrust required.
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Figure 22. Variation in total mission NOx emissions with fan pressure ratio and engine type, Spiral 1.
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Figure 24. Variation in NO X emissions per LTO cycle with fan pressure ratio and engine type, Spiral 1.

4.2.4 Potential ASAT, Spiral 1 Technology Benefits

In Figures 25 through 28, the potential overall benefits of the advanced technologies assumed for the
Spiral 1 vehicles are assessed for the key sizing outputs of weight, fuel consumption, and NOX emissions.
For these figures, the baseline for comparison is a 1998 EIS technology level vehicle (equivalent
technology to 737-800/CFM56-7B), sized to match the study design mission of 3250 nm with a cruise
speed of M=0.8. The advanced Spiral 1 vehicles offer up to a 15% reduction in ramp weight, up to a 24%
reduction in block fuel consumption, up to a 73% reduction in block NO X (block fuel and NOX compared
fora 3250 nm mission), and up to a 58% reduction in NO X emission per landing-takeoff cycle. These
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maximum potential reductions occur for different engines designs, and a single vehicle would not achieve
all of these reductions. The projected weight, fuel, and emission benefits associated with the ASAT,
Spiral 1 technology set are significant. However, Boeing recently revealed that they have curtailed their
737 replacement studies because, according to industry sources, combining the best technology advances
in materials, propulsion, aerodynamics, structures, and systems failed to come close to their original goals
fora 737 replacement vehicle (ref. 46). According to reference 47, Boeing targeted a 15-20% increase in
fuel efficiency, which is exceeded by the vehicles in this study. It is not clear whether it is the fuel
efficiency target that has not been met in Boeing's studies, or whether other targets, such as a significant
reduction in maintenance cost (not investigated in this study), are the issue. In any case, it is not unusual
for NASA's projected advances to be higher than those of industry because of more aggressive
assumptions for component level technologies and fewer constraints in the system level design.
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Figure 25. Potential ramp weight reduction from application of ASAT, Spiral 1 technologies.
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Figure 26. Potential block fuel reduction from application of ASAT, Spiral 1 technologies.
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Figure 27. Potential block NOX reduction from application of ASAT, Spiral 1 technologies.
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Figure 28. Potential LTO NOX reduction from application of ASAT, Spiral 1 technologies.

4.3 Spiral l Certification Noise Analysis

Certification noise results for the Spiral 1 configurations are presented in Figures 29 to 31, relative to
the levels predicted fora 737-800/CFM56-7B26 using similar noise analysis methodologies. Results are
presented on a relative basis to minimize the affect of the potential inaccuracies in the analysis
methodologies noted in Section 3.3.1. The noise variations in Figures 29 to 31 reflect not only the impact
of changes in the engine cycle (fan pressure ratio), but also the differences in engine thrust, aircraft
weight, takeoff and approach trajectories, throttling, etc. resulting from the sizing of each aircraft to a
common design mission. As with earlier graphs, the lowest fan pressure ratio cases are connected with
dashed lines to indicate that these cases do not correspond to practical designs. The expected noise
benefits of low fan pressure ratio are confirmed in these results. For all three certification points, the noise
level is reduced by pushing fan pressure ratio as low as possible, where low fan tip speeds and low
exhaust velocity, high bypass ratio nozzles are found. There is almost no difference in any of the
certification noise levels at a given fan pressure ratio for different configurations based on different
engine designs. Variation in lateral (sideline) noise is 0.2 EPNdB or less. There is slightly more variation
in flyover noise, but the engine configuration still only changes noise by 0.3 EPNdB or less for a given
fan pressure ratio. Changes in approach noise are only 0.1 EPNdB or less. The slight differences are
primarily associated with the wing/engine sizing and the resulting trajectory performance. All of the
Spiral 1 configurations show potential for significant noise reduction relative to the 737-800. The noise
reduction is on the order of 8-9 EPNdB at each certification point for an ADP fan pressure ratio of 1.40
(only practical with a geared fan design). The large approach noise reductions are due to effective
airframe noise reduction technologies and slower approach speeds for the ASAT designs. The slower
approach speeds are the result of the ASAT vehicles sizing to lower wing loadings than the baseline 737-
800.
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Figure 29. Variation in lateral (sideline) noise with fan pressure ratio and engine type, Spiral 1.
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Figure 30. Variation in flyover noise with fan pressure ratio and engine type, Spiral 1.
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Figure 31. Variation in approach noise with fan pressure ratio and engine type, Spiral 1.

Often certification noise is compared in terms of the algebraic sum of the lateral, flyover, and
approach noise levels ("cumulative noise"). The cumulative noise reductions predicted for the Spiral 1
configurations relative to a 737-800 are presented in Figure 32. Again the positive impact of low fan
pressure ratio on noise is evident. The cumulative noise reduction achieved by reducing fan pressure ratio
from 1.7 to 1.3 is over 22 EPNdB; despite the higher aircraft weight and engine thrust associated with the
low fan pressure ratio configuration. The maximum reduction relative to the 737-800 baseline realized for
a practical design is 24.5 EPNdB cumulative (geared, FPR=1.4 cases). This reduction is the result of both
engine cycle changes and noise reduction technologies. Figure 33 presents the Spiral 1 noise results in
terms of cumulative margin relative to the current, "Stage 4" noise regulations (i.e., sum of amount below
lateral, flyover, and approach limits based on aircraft weight, ref. 29). For the FPR=1.4, geared engine
cases, the predicted cumulative margin relative to Stage 4 regulations is ^25 EPNdB. (Recall from
Section 3.3.1 that comparison of the 737-800 predicted noise levels to certification data indicated a
possible 4 EPNdB over prediction of flyover noise. If this discrepancy in flyover noise is also present in
the Spiral 1 analysis cases, the true cumulative margin for this case would be ^29 EPNdB.) At FPR=1.3,
the cumulative margin approaches 32 EPNdB. The FPR=1.3 case in this study does not result in a
practical aircraft design with the ground rules used. However, there may be other approaches to the
FPR=1.3 geared engine which would enable this additional noise benefit to be realized in a practical
aircraft design.
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Figure 32. Variation in cumulative noise reduction with fan pressure ratio and engine type, Spiral 1.
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Figure 33. Stage 4 cumulative margin, Spiral 1.
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5.0 Spiral 2

All of the engines in Spiral 1 are designed with an overall pressure ratio (at the top--of--climb ADP) of
32. This overall pressure ratio is similar to that of the CFM56 engines that are used on the current Boeing
737 and Airbus A320. Current technology large engines can have overall pressure ratios above 40,
however. Technology advances can lead to higher overall pressure ratios, but there are physical limits that
must be considered. Specifically, as the air is compressed in the compressor and the density increases,
each stage (row) in the compressor has to have smaller blades than the stage preceding it. There are
physical limits on how small a compressor blade can be manufactured and the smaller the blade becomes,
the less aerodynamically efficient it is due to exaggerated blade tip clearance losses and Reynolds number
effects. For these reasons it is not possible to simply scale down a high overall pressure ratio, 80,000 lb
thrust engine to a 25,000 lb thrust engine. In Spiral 1, a conventional, fairly conservative design approach
was taken which enabled design overall pressure ratio of 32 while maintaining blade heights above 0.5
inches. Based on projections of a potential higher overall pressure ratio fora 2015 engine of this class, a
second set of analyses, Spiral 2, was conducted with a more aggressive approach to enable increased
overall pressure ratio. In particular, the minimum blade height constraint was relaxed. The primary
objective of Spiral 2 was to determine if a higher overall pressure ratio had any significant impact on the
relative performance of the different engine types.

5.1 Spiral 2 Engine Design

General characteristics of the Spiral 2 engines are shown in Table 6 and Table 7 for the low work and
high work design approaches, respectively. These engines were designed with the same ADP flight
conditions and thrust targets as the Spiral 1 engines, but with an overall pressure ratio of 42 instead of 32.
For the low work engines, the higher overall pressure ratio was achieved by increasing the HPC pressure
ratio from 13.5 to 17.7, with no change to the LPC. The high work engines have a smaller increase in
HPC pressure ratio (from 10 to 12), as well as an increase in LPC pressure ratio as necessary to achieve
the overall pressure ratio of 42. The range of fan pressure ratios considered for Spiral 2 are the same as in
Spiral 1; 1.3 to 1.6 for geared fan designs and 1.4 to 1.7 for direct drive designs. The FPR=1.3 geared
engine and FPR=1.4 direct drive engine continue to be impractical designs for the reasons noted in
Section 4.1. With the same fan pressure ratios and thrust levels, fan and nacelle diameters for Spiral 2 are
the same as for Spiral 1. Even though engine size and fan pressure ratios are the same as Spiral 1, the
bypass ratios are slightly higher. The higher overall pressure ratio in Spiral 2 enables a given fan to be
driven with a smaller core, leading to less core airflow and a higher bypass ratio for a given fan pressure
ratio. For the low work engines, gear ratios are the same as in Spiral 1, because the LPC pressure ratio is
unchanged. For the high work engines, the higher LPC pressure ratio leads to slightly higher gear ratios
than in Spiral 1. The high work engine gear ratios vary from 3.5 at the low fan pressure ratios to 1.6 at the
high fan pressure ratios. Because of the higher overall pressure ratio, the last stage HPC blade heights are
shorter than in Spiral 1. The minimum blade height for the low fan pressure ratio engines is ^0.4 inches, a
more aggressive design than in Spiral 1. Increasing minimum blade height to the Spiral 1 limit of 0.5
inches would require a reduction in HPC exit Mach number to about 0.2 (currently 0.3).

The increase in overall pressure ratio from 32 to 42 did not impact the relative characteristics of the
different engine designs. In Figure 34, TSFC for the Spiral 2 engines is shown overlaid on the Spiral 1
values. The variation in TSFC with fan pressure ratio is similar for the two different engine sets. For both
the low work and high work designs, the decrease in TSFC from FPR=1.7 to FPR=1.3 is ^10%, compared
to ^11% for Spiral 1. The weight penalties associated with lower fan pressure ratio are also similar to
Spiral 1 as can be seen in Figure 35. Qualitatively, the impact of fan drive on engine TSFC and weight is
the same as for the Spiral 1 engines as well; geared engines have slightly higher TSFC and the geared
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approach has larger weight benefit when used with a high work low spool design. The "cross-over" fan
pressure ratios at which the geared fan approach becomes heavier than a direct drive fan approach are
essentially the same for Spiral 1 and Spiral 2. Although the relative comparison of the Spiral 2 engines
among each other is similar to that of the Spiral 1 engines, the Spiral 2 engines do differ considerably
from the Spiral 1 engines. Increasing overall pressure ratio from 32 to 42 resulted in a 3-5% reduction in
TSFC. This did not come without penalties in other areas, however. Engine weight is up to 5% higher
depending on the specific case. And, NOx emission indices at SLS and TOC are approximately 40%
higher for the Spiral 2 engines. A comparison of NO x EI's for Spiral 1 and Spiral 2 engines at TOC
conditions is shown in Figure 36. This increase in NO x is expected given the higher operating pressure in
the engines. When selecting engine overall pressure ratio there is a well known tradeoff between fuel burn
and NOx emissions.
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Table 6. General Characteristics of Spiral 2, Low Work Engine Models

S2-Lo-g-1.3* S2-Lo-g-1.4 S2-Lo-dd-1.4* S2-Lo-g-1.5 S2-Lo-dd-1.5 S2-Lo-g-1.6 S2-Lo-dd-1.6 S2-Lo-dd-1.7

Fan Drive/Gear Ratio Geared/3.0 Geared/2.0 Direct Drive Geared/1.5 Direct Drive Geared/1.2 Direct Drive Direct Drive

Fan Diameter, in 92 81 81 73 73 68 68 64

Fan Nozzle Geometry Variable Variable Variable Fixed Fixed Fixed Fixed Fixed

Engine+Nacelle Weight, lb 9742 7953 10482 6991 7552 6808 6293 5772

Nacelle Max Diameter, ft 9.4 8.3 8.3 7.5 7.5 7.0 7.0 6.6

Operating Conditions SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC

Fan Pressure Ratio 1.2 1.3 1.3 1.4 1.3 1.4 1.4 1.5 1.4 1.5 1.5 1.6 1.5 1.6 1.6 1.7

Bypass Ratio 26.0 26.4 18.1 18.4 18.3 18.6 14.4 14.1 14.6 14.3 11.8 11.4 12.0 11.6 10.0 9.6

Overall Pressure Ratio 29.6 42 32.1 42 32.1 42 33.4 42 33.4 42 34.6 42 34.6 42 35.8 42

Net Thrust, lb 23001 5000 22986 5000 23002 5000 22982 5000 23001 5000 22981 5000 23000 5000 23002 5000

TSFC, lb/(lb-h) 0.204 0.473 0.235 0.485 0.233 0.480 0.256 0.501 0.253 0.496 0.276 0.516 0.273 0.511 0.294 0.526

NOx Emission Index (g/kg) 22.0 10.2 24.4 8.6 24.4 8.6 25.4 8.0 25.4 8.0 26.4 7.6 26.5 7.6 27.6 7.2

*Design ground rules lead to impractical design for these cases.

Table 7. General Characteristics of Spiral 2, High Work Engine Models

S2-Hi-g-1.3* S2-Hi-g-1.4 S2-Hi-dd-1.4* S2-Hi-g-1.5 S2-Hi-dd-1.5 S2-Hi-g-1.6 S2-Hi-dd-1.6 S2-Hi-dd-1.7

Fan Drive/Gear Ratio Geared/3.5 Geared/2.5 Direct Drive Geared/1.9 Direct Drive Geared/1.6 Direct Drive Direct Drive

Fan Diameter, in 92 81 81 73 73 68 68 64

Fan Nozzle Geometry Variable Variable Variable Fixed Fixed Fixed Fixed Fixed

Engine+Nacelle Weight, lb 8842 7353 11064 6475 8350 6028 6824 6136

Nacelle Max Diameter, ft 9.4 8.3 8.3 7.5 7.5 7.0 7.0 6.6

Operating Conditions SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC

Fan Pressure Ratio 1.2 1.3 1.3 1.4 1.3 1.4 1.4 1.5 1.4 1.5 1.5 1.6 1.5 1.6 1.6 1.7

Bypass Ratio 24.4 24.5 16.9 17.0 17.2 17.2 13.4 13.0 13.6 13.2 11.0 10.5 11.1 10.6 9.2 8.7

Overall Pressure Ratio 29.4 42 31.9 42 31.9 42 33.2 42 33.2 42 34.4 42 34.4 42 35.7 42

Net Thrust, lb 23002 5000 22998 5000 23020 5000 22996 5000 23015 5000 22995 5000 23017 5000 23022 5000

TSFC, lb/(lb-h) 0.208 0.478 0.240 0.491 0.237 0.486 0.261 0.507 0.258 0.502 0.283 0.523 0.279 0.518 0.302 0.533

NOx Emission Index (g/kg) 21.0 9.2 23.2 7.8 23.2 7.8 24.2 7.3 24.2 7.3 25.3 6.9 25.3 6.9 26.5 6.5

*Design ground rules lead to impractical design for this case
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5.2 Spiral 2 Aircraft Sizing

The Spiral 2 engines were applied to the same ASAT airframe model as used in Spiral 1 and sizing
performed for the same mission requirements. Results of the Spiral 2 aircraft sizing and analysis are
summarized in Table 8 for the low work engines and Table 9 for the high work engines. The numbers in
bold indicate the "best" value for that particular parameter. Results fora 1998 EIS technology baseline
vehicle sized to perform the study design mission are shown in the tables for reference.

5.2.1 Comparison of Results

Given the similarity in weight and TSFC trends between the Spiral 1 and Spiral 2 engines, it is not
surprising the trends in the sizing results (ramp weight, block fuel consumption, NO x emissions, etc.) are
also similar between Spiral 1 and Spiral 2. A quick comparison with the Spiral 1 results in Tables 4 and 5
reveals that, for every case except one, the "best" fan pressure ratio and fan drive approach in Spiral 2 is
the same as in Spiral 1. For low work designs: operating empty weight, ramp weight, and total NO x

emissions are minimized with the direct drive, FPR=1.7 engine; total mission fuel and block fuel weight
are minimized with the direct drive, FPR=1.6 engine; and cruise efficiency is maximized and LTO NO x

minimized with the geared, FPR=1.3 engine. These results are the same as for Spiral 1. For high work
designs: operating empty weight and total NO x emissions are minimized with the direct drive, FPR=1.7
engine; ramp weight is minimized with the geared, FPR=1.6 engine; total mission fuel and block fuel
weight are minimized with the geared, FPR=1.5 engine; and the geared, FPR=1.3 engine results in the
maximum cruise efficiency and minimum LTO NO x. For Spiral 1, the minimum ramp weight for high
work engines occurred with the direct drive, FPR=1.7 engine, otherwise these results are the same as in
Spiral 1.

49



Table 8. Aircraft Sizing Results for Spiral 2, Low Work Engines (162 Passenger, 3250nm Design Mission)

1998 Tech.

Baseline

S2-Lo-g-1.3*
(BPR ^ 26)

S2-Lo-g-1.4
(BPR ^ 18)

S2-Lo-dd-1.4*
(BPR ^ 19)

S2-Lo-g-1.5
(BPR ^ 14)

S2-Lo-dd-1.5
(BPR ^ 14)

S2-Lo-g-1.6
(BPR ^ 11)

S2-Lo-dd-1.6
(BPR ^ 12)

S2-Lo-dd-1.7
(BPR ^ 10)

OEW,lb 94700 105000 90800 103600 84500 86200 83400 81700 79650

Mission Fuel, lb 50350 40500 37900 40800 36000 36100 36600 35700 36250

Payload Weight, lb 32400 32400 32400 32400 32400 32400 32400 32400 32400

Ramp Weight, lb 177550 178000 161100 176800 152900 154700 152400 149800 148300

Wing Area,ft2 1470 1730 1400 1650 1360 1383 1350 1330 1270

W/S, lb/ft 2 121 103 115 107 112 112 113 113 117

Thrust(SLS),lb 26100 29300 26200 27800 23250 23400 22900 22600 22600

T/W (takeoff) 0.294 0.329 0.326 0.315 0.304 0.303 0.301 0.301 0.305

Takeoff field length, ft 7000 7000 7000 7000 7000 7000 7000 7000 7000

Landing field length, ft 6020 5410 5820 5560 5700 5690 5730 5710 5840

MCruise Range Factor
A*(L/D)/TSFC, nm

12450 15800 15300 15600 15200 15400 14900 15050 14700

Block Fuel, lb 42600 34200 32000 34500 30500 30600 31050 30300 30700

Block NOX, lb 555 284 241 262 222 223 219 214 200

LTO NOX, lb per cycle 22.2 10.0 10.6 11.2 10.3 10.2 10.9 10.7 11.6

*Design ground rules lead to impractical design for these cases.

50



Table 9. Aircraft Sizing Results for Spiral 2, High Work Engines (162 Passenger, 3250nm Design Mission)

1998 Tech.

Baseline

S2-Hi-g-1.3*
(BPR ^ 24)

S2-Hi-g-1.4
(BPR ^ 17)

S2-Hi-dd-1.4*
(BPR ^ 17)

S2-Hi-g-1.5
(BPR ^ 13)

S2-Hi-dd-1.5
(BPR ^ 13)

S2-Hi-g-1.6
(BPR ^ 11)

S2-Hi-dd-1.6
(BPR ^ 11)

S2-Hi-dd-1.7
(BPR ^ 9)

OEW,lb 94700 100900 88800 107800 83100 89500 81100 83450 80900

Mission Fuel, lb 50350 40100 38000 43000 36300 37900 36700 37000 37300

Payload Weight, lb 32400 32400 32400 32400 32400 32400 32400 32400 32400

Ramp Weight, lb 177550 173400 159200 183200 151750 159800 150200 152900 150600

Wing Area,ft 2 1470 1680 1390 1720 1340 1420 1320 1350 1300

W/S,lb/ft2 121 103 115 106 113 113 114 113 116

Thrust(SLS),lb 26100 28700 25900 28600 23200 24200 22700 22900 22600

T/W (takeoff) 0.294 0.331 0.326 0.313 0.306 0.302 0.302 0.300 0.300

Takeoff field length, ft 7000 7000 7000 7000 7000 7000 7000 7000 7000

Landing field length, ft 6020 5420 5800 5540 5720 5730 5750 5740 5810

-Cruise Range Factor
A*(L/D)/TSFC, nm

12450 15600 15050 15300 15000 15100 14650 14800 14450

Block Fuel, lb 42600 33800 32100 36350 30800 32200 31100 31400 31600

Block NOX, lb 555 265 229 263 209 220 204 207 198

LTO NOX, lb per cycle 22.2 9.7 10.4 11.3 10.1 10.4 10.8 10.8 11.5

*Design ground rules lead to impractical design for these cases.
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The Spiral 2 fuel consumption, ramp weight, and NO X results are presented graphically in Figures 37
through 41, overlaid on the Spiral 1 results. As shown in Figure 37, the overall variation of fuel burn with
fan pressure ratio and engine type is essentially the same for both Spiral 1 and Spiral 2. However, the fuel
consumption benefit of higher overall pressure ratio is evident. For the minimum fuel cases (low work,
direct drive fan, FPR=1.6), the Spiral 2 engine results in a 6% reduction in block fuel consumption. Again
in the case of ramp weight, Figure 38, the Spiral 2 trends are consistent with Spiral 1. The shift in ramp
weight for Spiral 2 is less than in the case of block fuel, with the lowest ramp weight case (low work,
direct drive fan, FPR=1.7) only 2% below its corresponding Spiral 1 case.
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Figure 37. Variation of block fuel with fan pressure ratio and engine type, Spiral 2.
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A comparison of Spiral 1 and Spiral 2 total NO x emissions is presented in Figure 39. As with the other
parameters, the impact of fan drive type, work split, and fan pressure ratio on total NO x is similar for
Spiral 1 and 2. Unfortunately, the higher overall pressure ratio of the Spiral 2 engines leads to a
significant increase in total NOx. NOx emissions for the best case (high work, direct drive, FPR=1.7)
increase 32% from Spiral 1 to Spiral 2. This reflects a significantly higher NO x emission index, as noted
in Section 5.1, only partially offset by lower block fuel consumption. The increases in LTO NO x,
presented in Figures 40 and 41 are not as significant. Minimum Dp/Foo is 7% higher and minimum NOx

per LTO is 5%higher. Although the Spiral 2 engines have significantly higher takeoff and climb NO x EIs
compared to Spiral 1, EIs for approach and idle are unchanged. (Experimental data at low power settings
were not available when the NOx emission correlation equation described in Section 3.1 was developed.
The idle and approach NOx emission indices are fi:ed values based on observation of other similar
advanced combustor technologies and are insensitive to changes in the engine cycle parameters.) Since in
this analysis the approach and idle NOx emissions (as much as half of the total LTO emissions for
advanced, low NOx combustors) are not significantly impacted by the differences between the Spiral 1
and Spiral 2 designs, the increase in LTO NO x for Spiral 2 is not as large as the increase in total block
NOx .
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Figure 39. Variation in total mission NOx emissions with fan pressure ratio and engine type, Spiral 2.

300

280

260

240

^ 220

Z 200

m 180

160

140

120

100

53



Spiral 2

Spiral1

20	 ^	 _

of	 ^:• .
r:•

p 15z
0
J

10

5	 Direct Drive, High
Geared, High
Direct Drive, Low
Geared, Low

0

	

1.2	 1.3	 1.4	 1.5	 1.6	 1.7	 1.8

Top-of-Climb Fan Pressure Ratio

Figure 40. Variation in LTO NO X emissions with fan pressure ratio and engine type (Dp/Foo), Spiral 2.
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Figure 41. Variation in NO X emissions per LTO cycle with fan pressure ratio and engine type, Spiral 2.

5.2.2 Potential ASAT, Spiral 2 Technology Benefits

The advanced technology of the Spiral 2 vehicles offers even greater potential than the Spiral 1
vehicles for reducing fuel consumption compared to current single-aisle vehicles. In Figure 42, block fuel
for the Spiral 2 vehicles is compared to that of a 1998 EIS technology level vehicle (737-800/CMF56-7B
equivalent technology) designed for the same mission. The potential fuel consumption benefit is up to
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29%. Ramp weight could be up to 16% less as indicated in Figure 43. The Spiral 2 vehicles have less
NOX reduction potential than Spiral 1 due to the higher emission indices associated with the higher
overall pressure ratio engines. The advanced combustor technology assumed for these engines still results
in large NOX emission reductions, however. Figure 44 shows up to 64% reduction in block NO X

emissions, and Figure 45 shows up to a 54% reduction in NO X per LTO cycle compared to the 1998 EIS
technology baseline vehicle.
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Figure 42. Potential block fuel reduction from application of ASAT, Spiral 2 technologies.
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Figure 43. Potential ramp weight reduction from application of ASAT, Spiral 2 technologies.
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Figure 44. Potential block NOX reduction from application of ASAT, Spiral 2 technologies.
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Figure 45. Potential LTO NOX reduction from application of ASAT, Spiral 2 technologies.
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5.3 Spiral 2 Certification Noise Analysis

Certification noise results for the Spiral 2 configurations are presented in Figures 46 to 48, relative to
the levels predicted fora 737-800 using similar noise analysis methodologies. These results are overlaid
on the Spiral 1 results; however, the Spiral 1 and Spiral 2 noise results are nearly identical. The higher
overall pressure ratio of Spiral 2 does not have an impact on the overall noise trends and the absolute
values differ by less than 1 dB. Although the Spiral 2 configurations are generally lighter and have lower
thrust engines, these differences are small and have negligible impacts on the noise. A limitation in the
noise analysis methodology must be noted here. One of the shortcomings of the engine core noise module
in the ANOPP noise prediction tool (ref. 32) is that the maximum overall pressure ratio considered is 30.
The variation in overall pressure ratio between Spiral 1 and 2 is, therefore, not reflected in the core noise
estimates. Core noise is a relatively small contributor to the overall noise level, however. The cumulative
noise reductions predicted for the Spiral 2 configurations relative to a 737-800 are presented in Figure 49
and margins relative to Stage 4 regulations in Figure 50, again overlaid on Spiral 1 results. The maximum
reduction relative to the 737-800 baseline realized for a practical design is ^25 EPNdB cumulative (high
work, geared, FPR=1.4 case). For both FPR=1.4, geared engine cases, the predicted cumulative margin
relative to Stage 4 regulations is ^24 EPNdB. If fan pressure ratio could be decreased to 1.3 (1.2 at sea
level static conditions) in a practical aircraft design, the potential Stage 4 margin approaches 32 EPNdB.
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Figure 46. Variation in lateral (sideline) noise with fan pressure ratio and engine type, Spiral 2.
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Figure 47. Variation in flyover noise with fan pressure ratio and engine type, Spiral 2.
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Figure 48. Variation in approach noise with fan pressure ratio and engine type, Spiral 2.
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Figure 49. Variation in cumulative noise reduction with fan pressure ratio and engine type, Spiral 2.
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6.0 Spiral 3

The design cruise Mach number selected for the Spiral 1 and Spiral 2 advanced vehicle designs was
0.80, compared to a long range cruise Mach number of 0.785 for the 737-800. The decision to increase
cruise Mach for the advanced configurations assumed a continuation of the historical trend toward
increasing speed for passenger transport aircraft. Some have suggested that to increase fuel efficiency the
replacement aircraft for the Boeing 737 and Airbus A320 families will actually be designed to fly
significantly slower. Because of environmental and economic pressures, some airlines may be willing to
give up something in productivity (speed) for reduced fuel consumption. Cruise Mach numbers as low as
0.70 have been postulated. Despite this speculation, neither the actual Mach number(s) being considered
by the manufacturers nor the speeds being suggested to the manufacturers by the airlines are known
outside of company proprietary discussions. The conclusions drawn from the results in Spiral 1 and 2 are
not necessarily applicable to designs with lower Mach numbers. It is possible that with a lower cruise
Mach number, the optimum fan pressure ratio will shift. Given the uncertainty in what the cruise Mach
number of the next generation single-aisle transport will be, it is prudent to investigate the sensitivity of
the results to this parameter. For Spiral 3, the sensitivity of the results to cruise Mach number was
assessed by repeating the Spiral 2 analysis with a cruise Mach number of 0.72.

6.1 Spiral 3 Engine Design

General characteristics of the Spiral 3 engines are shown in Table 10 and Table 11 for the low work
and high work design approaches, respectively. The design approach for these engines is essentially the
same as for the Spiral 2 engines, except for a change in the ADP conditions. The fan, LPC and HPC
pressure ratio combinations for the Spiral 3 low work and high work engines are the same as for the
corresponding Spiral 2 engines. ADP for the Spiral 3 engines is at an altitude of 35,000 ft and a Mach
number 0.72. Target maximum thrust at that condition was set slightly lower at 4600 lb (compared to
5000 lb for Spirals 1 and 2) based on an initial assessment of the thrust required for the slower, M=0.72
flight condition. The fan pressure ratios considered for Spiral 3 are the same as in Spiral 1 and 2; 1.3 to
1.6 for geared fan designs and 1.4 to 1.7 for direct drive designs. The FPR=1.3 geared engine and
FPR=1.4 direct drive engine continue to be impractical designs for the reasons noted in Section 4.1. The
Spiral 3 engines tend to be slightly smaller and lighter than their Spiral 2 counterparts. Weight estimates
for the Spiral 3 engines are compared to Spiral 2 engines in Figure 51. Although the weight values are
slightly less, the trends in weight with respect to fan pressure ratio, compressor work split, and fan drive
approach are the same for Spiral 3 as for Spiral 2. The change in TSFC is more significant as shown in
Figure 52. TSFC is ^5-7% lower for the lower design Mach number used in Spiral 3. This lower fuel
consumption offers the potential for equally significant savings in block fuel, reducing fuel cost to the
airlines. In addition to fuel savings, the lower design Mach number results in lower NO x emissions. NOx

EIs at the TOC condition are presented in Figure 53 with Spiral 2 values plotted in the background. The
^25% decrease in NOx EI can be attributed primarily to the reduced cruise Mach number, which reduces
the total pressure and temperature of the air entering the engine. Although the Spiral 2 and 3 engines have
the same overall pressure ratio of 42, combustor entrance pressure and temperature, which are key factors
in NOx formation, are lower for a Spiral 3 engine than for its Spiral 2 equivalent.
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Table 10. General Characteristics of Spiral 3, Low Work Engine Models

S3-Lo-g-1.3* S3-Lo-g-1.4 S3-Lo-dd-1.4* S3-Lo-g-1.5 S3-Lo-dd-1.5 S3-Lo-g-1.6 S3-Lo-dd-1.6 S3-Lo-dd-1.7

Fan Drive/Gear Ratio Geared/3.0 Geared/2.0 Direct Drive Geared/1.5 Direct Drive Geared/1.2 Direct Drive Direct Drive

Fan Diameter, in 89 79 79 72 72 66 66 63

Fan Nozzle Geometry Variable Variable Variable Fixed Fixed Fixed Fixed Fixed

Engine+Nacelle Weight, lb 9261 7701 9918 6794 7309 6599 6096 5622

Nacelle Max Diameter, ft 9.1 8.1 8.1 7.3 7.3 6.8 6.8 6.4

Operating Conditions SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC

Fan Pressure Ratio 1.2 1.3 1.3 1.4 1.3 1.4 1.4 1.5 1.4 1.5 1.5 1.6 1.5 1.6 1.6 1.7

Bypass Ratio 25 25.6 17.7 18.0 17.9 18.2 14.0 13.8 14.1 14.0 11.3 11.0 11.4 11.2 9.5 9.3

Overall Pressure Ratio 31.2 42 33.3 42 33.3 42 34.8 42 34.8 42 36.2 42 36.2 42 37.4 42

Net Thrust, lb 23001 4600 22986 4600 23004 4600 22986 4600 23001 4600 22986 4600 23002 4600 23000 4600

TSFC, lb/(lb-h) 0.205 0.438 0.235 0.457 0.233 0.452 0.257 0.471 0.255 0.466 0.280 0.487 0.277 0.482 0.299 0.498

NOx Emission Index (g/kg) 23.5 7.6 25.6 6.6 25.6 6.6 26.8 6.1 26.9 6.1 28.1 5.8 28.1 5.8 29.4 5.5

*Design ground rules lead to impractical design for these cases.

S3-Hi-g-1.3*

Table 11. General Characteristics of Spiral 3, High Work Engine Models

S3-Hi-g-1.4 S3-Hi-dd-1.4* S3-Hi-g-1.5 S3-Hi-dd-1.5 S3-Hi-g-1.6 S3-Hi-dd-1.6 S3-Hi-dd-1.7

Fan Drive/Gear Ratio Geared/3.5 Geared/2.5 Direct Drive Geared/1.9 Direct Drive Geared/1.6 Direct Drive Direct Drive

Fan Diameter, in 89 79 79 72 72 66 66 63

Fan Nozzle Geometry Variable Variable Variable Fixed Fixed Fixed Fixed Fixed

Engine+Nacelle Weight, lb 8464 7154 10610 6325 7970 5907 6654 6040

Nacelle Max Diameter, ft 9.2 8.1 8.1 7.3 7.3 6.8 6.8 6.4

Operating Conditions SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC SLS TOC

Fan Pressure Ratio 1.2 1.3 1.3 1.4 1.3 1.4 1.4 1.5 1.4 1.5 1.5 1.6 1.5 1.6 1.6 1.7

Bypass Ratio 23.5 23.7 16.5 16.6 16.7 16.8 12.9 12.6 13.1 12.8 10.4 10.1 10.6 10.2 8.7 8.4

Overall Pressure Ratio 31.0 42 33.1 42 33.1 42 34.6 42 34.5 42 36.0 42 36.0 42 37.3 42

Net Thrust, lb 23001 4600 23001 4600 23002 4600 22999 4600 22995 4600 22993 4600 22999 4600 23000 4600

TSFC, lb/(lb-h) 0.209 0.443 0.240 0.463 0.237 0.458 0.264 0.478 0.261 0.473 0.287 0.494 0.284 0.489 0.307 0.505

NOx Emission Index (g/kg) 22.4 7.0 24.4 6.0 24.4 6.0 25.7 5.5 25.7 5.5 27 5.2 27.0 5.2 28.2 4.9

*Design ground rules lead to impractical design for this case
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6.2 Spiral 3 Aircraft Sizing

6.2.1 Airframe Modifications

The wing sweep of the ASAT airframe used in Spirals 1 and 2 is much higher than needed for the
M=0.72 cruise speed of the Spiral 3 configurations. As described in Section 3.2.2, the ASAT wing sweep
was slightly increased relative to the baseline 737-800 geometry to account for the increased cruise Mach
assumed (M=0.8 vs. M=0.785). For a cruise Mach of 0.72, wing sweep can be reduced even below that of
the 737-800 wing, which has a 25° quarter-chord sweep. Although the Spiral 1/2 wing geometry could
have been retained for the Spiral 3 analysis, the high drag-rise Mach number of this airframe would not
have been representative of a future M=0.72 vehicle. Therefore, the quarter-chord wing sweep was
reduced to 15° for the Spiral 3 configurations. This results in a leading-edge sweep of ^18°, and a normal
Mach number at cruise of 0.685. The sweep of the horizontal tail was reduced as well. A comparison of
the Spiral 1/2 and Spiral 3 basic airframe geometries is shown in Figure 54. Note that cruise Mach
number is not the only factor that determines sweep angles. Other design considerations such stability and
control can dictate a required amount of sweep. Stability and control analysis was not performed for the
new airframe geometry. It was assumed that adequate stability and control could be achieved with the
selected wing and tail sweeps through proper positioning.

63



Spiral 1 /2 Spiral 3

Figure 54. Comparison of Spiral 1/2 and Spiral 3 airframe geometry.

The close similarity between the 737-800 airframe geometry and the Spiral 1/2 airframe geometry
provided confidence in the Spiral 1/2 aerodynamic model, which was based on calibration to 737-800
aerodynamic data. However, the Spiral 3 geometry is substantially different and the usefulness of the 737-
800 data is limited in this case. The aerodynamic approximation approach used for the Spiral 3 model was
to retain the calibration factors derived from the 737-800 calibration case even though the cruise Mach
number and wing and tail geometries had changed. Comparisons were then made to the 737-800 data to
check the reasonableness of the resulting aerodynamic predictions. In Figure 55, the predicted variation of
drag with Mach number for the Spiral 3 airframe (with CFM56-7B engines installed) is compared to the
737-800 data. The reduction in wing sweep results in an expected shift in drag-rise Mach number to a
lower value as evident from the figure.

q 737-800 Data

— FLOPS Prediction for 737-800

FLOPS Prediction for Spiral 3 Design

Mach Number

Figure 55. Comparison of 737-800 and Spiral 3 design drag rise.
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Another way to visualize the change in aerodynamic performance for the Spiral 3 airframe is a plot of
M(L/D) as a function of Mach number. M(L/D) is a basic metric for cruise aerodynamic efficiency found
in the Breguet Range Equation, which can approximate cruise range capability for a jet aircraft under
simplifying assumptions:

aM (L / D) W.
R =	 ln	 ;where

TSFC	 Wf

R	 = range
a	 = speed of sound
M = Mach number
L/D = lift-to-drag ratio
TSFC = thrust specific fuel consumption
Wi	 = initial weight
Wf = ending weight ( Wi minus amount of fuel consumed)

A comparison of M(L/D) for the Spiral 1/2 and Spiral 3 configurations is shown in Figure 56. The data in
Figure 56 was generated at a lift coefficient typical of cruise conditions. There is little difference in
M(L/D) for the two designs at low Mach numbers. As drag rise for the lower sweep, Spiral 3
configuration is reached the M(L/D) drops quickly, whereas M(L/D) continues to increase for the higher
sweep, Spiral 1/2 configuration. Note that the higher drag rise Mach number for the Spiral 1/2 geometry
enables a higher maximum M(L/D). Although cruise L/D is higher for the Spiral 3 configuration (at
M=0.72) than for the Spiral 1/2 configuration (at M=0.8), cruise M(L/D) is actually lower the for Spiral 3
design.

0.3	 0.4	 0.5	 0.6	 0.7	 0.8	 0.9

Mach Number

Figure 56. Comparison of aerodynamic efficiency for Spiral 1/2 and Spiral 3.

The change in wing sweep not only impacts the high speed aerodynamic characteristics, but the low
speed characteristics as well. Reducing the wing sweep tends to increase the wing's maximum lift
coefficient (CLmax) and lift curve slope (CL). The low speed aerodynamic characteristics used for the
Spiral 1/2 airframe model were derived from 737-800 data and input directly to the FLOPS analysis.

65



Unlike in the case of the high speed aerodynamics, there was no calibration of FLOPS internal estimates.
Therefore, adjusting the low speed model for lower wing sweep would require direct modification to the
aerodynamic data input (CL and CD versus angle of attack) based on estimated increments. Such
modifications were not attempted for the Spiral 3 analysis; rather, the low speed aerodynamic data input
used was the same as used in Spirals 1/2. Actual low speed performance would likely be better than that
calculated with this unmodified aerodynamic model.

The lower wing sweep for Spiral 3 should lead to a decrease in wing structural weight (for a given size
wing) compared to the Spiral 1/2 wing geometry. The affect of wing sweep on structural weight was
captured with PDCYL.

6.2.2 Comparison of Results

Results of the Spiral 3 aircraft sizing and analysis are summarized in Table 12 for the low work
engines and Table 13 for the high work engines. The numbers in bold indicate the "best" value for that
particular parameter. Also shown for reference are results fora 1998 EIS technology level vehicle
(equivalent technology to 737-800/CFM56-7B), designed to match the study design mission of 3250 nm
with a cruise speed of M=0.72. As shown in Figures 51 and 52, the decrease in Mach number for Spiral 3
did not have a significant impact on the engine weight and TSFC trends versus fan pressure ratio and
engine architecture. It is perhaps not surprising, therefore, that the "best" engine in each category is the
same fan pressure ratio and drive approach as in Spiral 2. The primary motivation for Spiral 3 was the
expectation that the trends with fan pressure ratio would be different for a lower cruise Mach number.
Although the lower Mach number did not change which engines performed the best, it did alter the
relative performance as can be seen in Figures 57 through 61. With the lower cruise Mach number in
Spiral 3, the fan pressure ratio trend curves are flatter; that is, the penalties associated with low fan
pressure ratio are less. This is especially true for fuel consumption. In Spiral 2, the FPR=1.3 cases have a
block fuel consumption which is 12-13% greater than the minimum block fuel case (low work, FPR=1.6,
direct drive). In Spiral 3, the fuel consumption penalty associated with FPR=1.3 is only 7%. Lowering the
Mach number did improve the performance of the low fan pressure ratio engines more than that of the
high fan pressure ratio engines, but this difference was not enough to change the optimum fan pressure
ratios.
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Table 12. Aircraft Sizing Results for Spiral 3, Low Work Engines (162 Passenger, 3250nm Design Mission)

1998 Tech.

Baseline

S3-Lo-g-1.3*
(BPR ^ 26)

S3-Lo-g-1.4
(BPR ^ 18)

S3-Lo-dd-1.4*
(BPR ^ 18)

S3-Lo-g-1.5
(BPR ^ 14)

S3-Lo-dd-1.5
(BPR ^ 14)

S3-Lo-g-1.6
(BPR ^ 11.0)

S3-Lo-dd-1.6
(BPR ^ 11)

S3-Lo-dd-1.7
(BPR ^ 9)

OEW,lb 92250 98900 87600 97750 82000 83600 80800 79150 77400

Mission Fuel, lb 48300 36600 35800 37150 34300 34450 35050 34200 34800

Payload Weight, lb 32400 32400 32400 32400 32400 32400 32400 32400 32400

Ramp Weight, lb 172950 167900 155800 167300 148700 150450 148250 145750 144650

Wing Area,ft 2 1430 1740 1375 1670 1300 1310 1270 1250 1210

W/S,lb/ft2 121 97 113 100 114 115 117 116 120

Thrust(SLS),lb 25600 26450 25050 25350 22900 23300 22900 22550 22500

T/W (takeoff) 0.296 0.315 0.322 0.303 0.308 0.310 0.309 0.310 0.311

Takeoff field length, ft 7000 7000 7000 7000 7000 7000 6990 6990 7000

Landing field length, ft 6030 5190 5740 5320 5750 5790 5850 5830 5930

-Cruise Range Factor
A*(L/D)/TSFC, nm

12700 16600 15700 16300 15600 15700 15200 15350 14950

Block Fuel, lb 40900 30900 30200 31400 29100 29200 29700 29000 29500

Block NOX, lb 461 213 180 199 158 158 152 149 144

LTO NOX, lb per cycle 21.8 9.3 10.4 10.4 10.9 10.9 11.4 11.1 12.0

*Design ground rules lead to impractical design for these cases.
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Table 13. Aircraft Sizing Results for Spiral 3, High Work Engines (162 Passenger, 3250nm Design Mission)

1998 Tech.

Baseline

S3-Hi-g-1.3*
(BPR ^ 24)

S3-Hi-g-1.4
(BPR ^ 17)

S3-Hi-dd-1.4*
(BPR ^ 17)

S3-Hi-g-1.5
(BPR ^ 13)

S3-Hi-dd-1.5
(BPR ^ 13)

S3-Hi-g-1.6
(BPR ^ 10)

S3-Hi-dd-1.6
(BPR ^ 10)

S3-Hi-dd-1.7
(BPR ^ 8)

OEW,lb 92250 95900 85950 101800 80750 86400 78900 81100 78900

Mission Fuel, lb 48300 36550 35800 39200 34800 36400 35500 35900 36450

Payload Weight, lb 32400 32400 32400 32400 32400 32400 32400 32400 32400

Ramp Weight, lb 172950 164850 154150 173400 147950 155200 146800 149400 147750

Wing Area,ft2 1430 1690 1380 1700 1290 1310 1240 1250 1210

W/S, lb/ft 2 121 98 111 102 115 119 118 120 122

Thrust(SLS),lb 25600 26300 24550 26300 22890 24350 22800 23350 23200

T/W (takeoff) 0.296 0.319 0.319 0.304 0.309 0.314 0.311 0.313 0.314

Takeoff field length, ft 7000 7000 7000 6990 6980 6990 7000 6980 6980

Landing field length, ft 6030 5230 5680 5380 5780 5920 5896 5940 6020

-Cruise Range Factor
A*(L/D)/TSFC, nm

12700 16300 15450 15950 15250 15300 14850 14950 14550

Block Fuel, lb 40900 30900 30300 33200 29550 30900 30100 30400 30850

Block NOX, lb 461 201 178 201 153 156 147 148 144

LTO NOX, lb per cycle 21.8 9.2 10.1 10.7 10.2 10.8 11.2 11.3 12.2

*Design ground rules lead to impractical design for these cases.
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The Spiral 3 fuel consumption results are presented graphically in Figure 57, overlaid on the Spiral 2
results. The lower cruise Mach number results in 2.5-9.6% lower block fuel consumption depending on
the particular case. The minimum fuel consumption is ^4% less for Spiral 3 than for Spiral 2. This lower
fuel consumption is primarily the result of lower engine TSFC and lower engine and structural weight. As
noted above, the Spiral 3 configurations are less aerodynamically efficient (as measured by cruise
M(L/D)). Lower fuel consumption and lower empty weight leads to lower ramp weight as well, as shown
in Figure 58. The reduction in ramp weight is on the order of 2.5% for the optimum ramp weight cases,
more for the higher weight cases. A comparison of Spiral 2 and Spiral 3 total NO X emissions is presented
in Figure 59. The lower fuel consumption and lower NO X EIs of the Spiral 3 engines results in a 22-30%
reduction in total NOX emissions for the design mission. The trends in NO X emissions with fan pressure
ratio and engine architecture are similar to Spiral 2. LTO NOX emissions are presented in Figures 60 and
61. Dp/Foo for the Spiral 3 engines is actually slightly higher than for Spiral 2. Even though overall
pressure ratio at ADP is 42 for both Spiral 2 and 3, overall pressure ratio at SLS conditions is slightly
higher for the Spiral 3 engines. NOX per LTO cycle values are similar to Spiral 2, with some cases higher
and other cases lower, reflecting variations in engine thrust sizing between Spiral 2 and 3.
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Figure 57. Variation of block fuel with fan pressure ratio and engine type, Spiral 3.
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Figure 58. Variation of ramp weight with fan pressure ratio and engine type, Spiral 3.
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Figure 59. Variation in total mission NOX emissions with fan pressure ratio and engine type, Spiral 3.
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Figure 60. Variation in LTO NO X emissions with fan pressure ratio and engine type (Dp/Foo), Spiral 3.

14

Spiral 3
12

10
	 ....	 •• ' - ^^^v	 • -.— • '^	 Spiral 2

a	 /
1C 

8

Z
O 6J

4

Direct Drive, High

2	 Geared, High

Direct Drive, Low

Geared, Low

0

	

1.2	 1.3	 1.4	 1.5	 1.6	 1.7	 1.8

Top-of-Climb Fan Pressure Ratio

Figure 61. Variation in NO x emissions per LTO cycle with fan pressure ratio and engine type, Spiral 3.

6.2.3 Potential ASAT, Spiral 3 Technology Benefits

Since the technology assumptions for Spiral 3 are the same as for Spiral 2 (only the design Mach
number is different), the benefits relative to a 1998 EIS technology airplane are approximately the same
as well. In other words, the ASAT technology benefits have not been affected by the change in Mach
number. The technology benefit of the ASAT, Spiral 3 configurations is up to a 29% reduction in fuel
consumption compared to a 737-800 equivalent technology airplane designed for the same mission
(M=0.72 cruise with modified wing sweep, etc.), the same benefit as found in Spiral 2. Note however,
that reduction in fuel consumption of the Spiral 3 vehicles compared to a 737-800 type airplane
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-10.0

-12.0

(M=0.785) is slightly greater because of the additional benefit of lower cruise Mach. One area where the
Spiral 3 technology benefits do differ from Spiral 2 is block NO X. The lower EIs associated with the
lower cruise Mach lead to a larger reduction in block NO X than in Spiral 2 (up to 69% compared to the
1998 EIS technology baseline airplane).

6.3 Spiral 3 Certification Noise Analysis

Certification noise results for the Spiral 3 configurations are presented in Figures 62 to 64, relative to
the levels predicted fora 737-800 using similar noise analysis methodologies. These results are overlaid
on the Spiral 2 results to facilitate easier comparison. The Spiral 2 and Spiral 3 noise results are similar.
Overall the differences are relatively small, less than 1 EPNdB. The cumulative noise reductions
predicted for the Spiral 3 configurations relative to a 737-800 are presented in Figure 65 and margins
relative to Stage 4 regulations in Figure 66, again overlaid on Spiral 2 results. Differences in cumulative
noise between Spiral 2 and Spiral 3 are less than 1.5 EPNdB. The Spiral 3 practical designs have up to a
25 EPNdB cumulative reduction relative to the 737-800 baseline. The margin relative to Stage 4
regulations is up to 25 EPNdB based on the ANOPP analysis model.
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Figure 62. Variation in lateral (sideline) noise with fan pressure ratio and engine type, Spiral 3.
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Figure 63. Variation in flyover noise with fan pressure ratio and engine type, Spiral 3.
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Figure 64. Variation in approach noise with fan pressure ratio and engine type, Spiral 3.
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7.0 Summary

When Boeing and Airbus launch replacement products for the 737 and A320 families respectively,
they will likely tout significant gains in fuel efficiency, emissions, and noise over the current offerings in
this vehicle class. One of the primary keys to obtaining those gains will be an advanced technology
engine. The characteristics of that future engine are not yet known, although there is plenty of speculation
surrounding the type of engine which will power the 737 and A320 replacements. In the past, the promise
of higher fuel efficiency and lower noise has led technology developers and engine designers to push
toward higher bypass ratio engines. The next step in this evolution is so-called "Ultra-High Bypass" or
UHB engines. It is possible that the 737/A320 replacement aircraft will incorporate UHB engine
technology. However, there are drawbacks to large diameter, UHB engines which can erode their
fundamental efficiency and noise benefits. The advantages and disadvantages of very-high or ultra-high
bypass ratio engines have been studied numerous times over the course of several decades with varying
conclusions depending on the application and metrics of interest. The primary objective of the current
study was to determine whether or not the TSFC and noise benefits of advanced, low fan pressure ratio
(high bypass ratio) engines translate into overall aircraft system level benefits fora 737 class vehicle with
a conventional airframe-engine layout. Fan pressure ratio or bypass ratio alone does not fully describe the
trades available for an advanced engine, however. To more fully investigate the engine design space, an
engine design trade study was conducted which considered not only the fan pressure ratio, but also the fan
drive approach (geared vs. direct drive), the compression work split between the low pressure and high
pressure compressors, the overall pressure ratio, and the bypass nozzle type (variable or fi:ed geometry).
The relative merits of the different engine designs was determined by integrating the engines with a
common airframe, sizing the airplane to a fi:ed mission, and comparing aircraft system level metrics such
as block fuel consumption.

Figures 67 to 71 attempt to consolidate and summarize the large amount of data generated during this
study. In these figures, the four different engine architectures (low work-geared, low work-direct drive,
high work-geared, and high work-direct drive) have been collapsed into a single curve with the minimum
value for a given fan pressure ratio plotted for each Spiral and the engine configuration to which this
value corresponds indicated. (Note that in many cases the minimum value at a given fan pressure ratio is
not significantly less than that obtained from other engine architectures.) Figure 67, ramp weight,
indicates the weight penalty associated with low fan pressure ratio which was consistently found across
the analysis Spirals. Also, there is a clear preference for high work, geared designs at fan pressure ratios
up to 1.5 and low work, direct drive engines at higher fan pressure ratios. Higher overall pressure ratio
(Spirals 2 & 3) and lower Mach (Spiral 3) both reduce ramp weight. For block fuel, shown in Figure 68,
there is again consistently a penalty for low fan pressure ratio engines. The minimum block fuel
consumption consistently occurs in the 1.55 to 1.6 fan pressure ratio range (analysis was only conducted
at 1.5 and 1.6; the minimum shown between those two points is the result of curve fitting the data and
may not be the true minimum). As with ramp weight, geared engines are preferred below FPR=1.5 and
direct drive engines above. Comparing the Spirals it is evident that both higher overall pressure ratio and
lower cruise Mach reduce fuel consumption. In the block NO x chart, Figure 69, all the minimum points
are high work engines since as noted previously the low work engines have slightly higher NO x

emissions. Similar to ramp weight, the trend is for block NO x to decrease with increasing fan pressure
ratio, at least up to the highest fan pressure ratio analyzed. In the case of block NO x, gearing is beneficial
up to a fan pressure ratio of 1.6. The increase in overall pressure ratio for Spiral 2 significantly increases
the block NOx, while the lower cruise Mach in Spiral 3 results in a reduction in block NOx. The trends
for LTO NOx, shown in Figure 70, are not as consistent as the other metrics. High fan pressure ratio
certainly leads to higher LTO NO x, but between FPR=1.3 and 1.5 the variation with fan pressure ratio is
not monotonic. LTO NOx results depend on a combination of the engine characteristics and the aircraft
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Figure 67. Minimum ramp weight.
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Figure 68. Minimum block fuel.

sizing results (e.g., trade between engine thrust and wing area necessary to meet takeoff performance),
and therefore they exhibit more variability. For certification noise the dominant factor is clearly fan
pressure ratio as evident in Figure 71. Although the minimum noise cases were mostly with high work,
geared engines, there was in fact little variability in noise results among the different engine architectures.
Regardless of the type of engine, the overall pressure ratio, or the airplane/engine design Mach number,
noise for a given fan pressure ratio was approximately the same.
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Figure 69. Minimum block NOX.
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Figure 70. Minimum LTO NOX.
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Figure 71. Minimum noise.

As evidenced by the varying colors, letters, and trend lines in Figures 67-71, the study results did not
lead to a clear "winner" in terms of the best engine design for this application. The low fan pressure ratio,
UHB engines studied do lead to lower aircraft noise, but at the expense of fuel consumption and total
NOx emissions. For an isolated engine, lower fan pressure ratio (higher bypass ratio) is beneficial for both
reducing fuel consumption and reducing noise. However, once incorporated into an aircraft system, a
desire for low noise and a desire for low fuel consumption may not lead to the same optimum fan pressure
ratio. Aircraft noise and LTO NOx are reduced by driving fan pressure ratio as low as practically possible,
whereas optimum vehicle weight, block fuel, and block NOx occur towards the other end of the fan
pressure ratio range analyzed. The relative importance of efficiency, noise, and emissions will dictate the
overall best engine design.

Since no single engine provides the best performance across all of the metrics, there are a series of
design trade-offs that must be accepted. For example, choosing a low fan pressure ratio because of the
noise benefits incurs an increase in fuel consumption compared to what could be achieved with a higher
fan pressure ratio design. The magnitudes of these various trade-offs are presented in Tables 14-16 for
Spirals 1 through 3. For each metric column, the minimum value is used as the baseline for the remaining
cases. The values in the remaining rows indicate the magnitude of the penalty incurred from selecting that
particular engine, relative to the best possible result. For example, in Table 14 the direct drive, low work,
FPR=1.5 case has 4.3% higher ramp weight than the minimum (direct drive, low work LPC, FPR=1.7);
1.1% greater block fuel consumption than the minimum (direct drive, low work LPC, FPR=1.6); 17.3%
greater block NOx than the minimum (direct drive, high work LPC, FPR=1.7); 4.1% greater LTO NOx

than the minimum (geared, high work LPC, FPR=1.5); and 5.1 EPNdB higher cumulative noise than the
minimum (geared, high work LPC, FPR=1.4). (The geared, FPR=1.3 and direct drive, FPR=1.4 cases are
not included in these tables because of the practicality issues with these designs that have been previously
discussed.)
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Table 14. Spiral 1 Trade-Off Analysis

Ramp
Weight

Block
Fuel

Block
NOX

LTO NOX
Cum.

EPNdB

Low, Geared, FPR=1.4 +8.9% +5.8% +24.1 % +10.9% +0.1

High, Geared, FPR=1.4 +7.2% +5.1% +17.6% +3.8% Minimum

Low, Geared, FPR=1.5 +3.2% +0.8% +16.9% +4.5% +5.0

High, Geared, FPR=1.5 +2.1% +0.6% +7.2% Minimum +4.8

Low, Direct, FPR=1.5 +4.3% +1.1 % +17.3% +4.1 % +5.1

High, Direct, FPR=1.5 +6.5% +4.2% +11.5% +2.4% +5.2

Low, Geared, FPR=1.6 +2.5% +2.1% +15.0% +10.8% +12.0

High, Geared, FPR=1.6 +1.2% +2.0% +4.6% +6.3% +11.7

Low, Direct, FPR=1.6 +1.0% Minimum +12.5% +8.5% +11.9

High, Direct, FPR=1.6 +2.9% +2.8% +5.5% +6.9% +12.1

Low, Direct, FPR=1.7 Minimum +1.1% +9.1% +15.4% +15.7

High, Direct, FPR=1.7 +1.1% +3.4% Minimum +14.2% +16.0

Table 15. Spiral 2 Trade-Off Analysis

Ramp
Weight

Block
Fuel

Block
NOX

LTO NOX
Cum.

EPNdB

Low, Geared, FPR=1.4 +8.6% +5.7% +21.6% +4.8% +0.2

High, Geared, FPR=1.4 +7.3% +5.9% +15.8% +2.3% Minimum

Low, Geared, FPR=1.5 +3.1 % +0.8% +11.9% +1.3% +5.2

High, Geared, FPR=1.5 +2.3% +1.6% +5.8% Minimum +5.3

Low, Direct, FPR=1.5 +4.3% +1.1% +12.8% +0.8% +5.4

High, Direct, FPR=1.5 +7.8% +6.2% +11.2% +2.8% +5.8

Low, Geared, FPR=1.6 +2.8% +2.5% +10.7% +7.9% +12.5

High, Geared, FPR=1.6 +1.3% +2.7% +3.1 % +6.1 % +12.4

Low, Direct, FPR=1.6 +1.0% Minimum +8.1% +5.1% +11.9

High, Direct, FPR=1.6 +3.1 % +3.7% +4.7% +5.9% +12.5

Low, Direct, FPR=1.7 Minimum +1.3% +1.2% +14.3% +16.7

High, Direct, FPR=1.7 +1.6% +4.4% Minimum +13.4% +17.1
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Table 16. Spiral 3 Trade-Off Analysis

Ramp
Weight

Block
Fuel

Block
NOX

LTO NOX
Cum.

EPNdB

Low, Geared, FPR=1.4 +7.7% +4.4% +25.1 % +3.4% +0.6

High, Geared, FPR=1.4 +6.6% +4.5% +23.8% Minimum Minimum

Low, Geared, FPR=1.5 +2.8% +0.4% +9.9% +7.8% +5.2

High, Geared, FPR=1.5 +2.3% +2.0% +6.3% +1.8% +4.9

Low, Direct, FPR=1.5 +4.0% +0.9% +10.0% +8.3% +5.4

High, Direct, FPR=1.5 +7.3% +6.6% +8.8% +6.9% +5.3

Low, Geared, FPR=1.6 +2.5% +2.5% +6.0% +12.8% +12.4

High, Geared, FPR=1.6 +1.5% +3.8% +2.4% +11.1 % +11.6

Low, Direct, FPR=1.6 +0.8% Minimum +3.8% +9.8% +12.2

High, Direct, FPR=1.6 +3.3% +5.0% +3.0% +12.4% +11.8

Low, Direct, FPR=1.7 Minimum +1.7% +0.2% +19.2% +16.3

High, Direct, FPR=1.7 +2.2% +6.4% Minimum +21.8% +16.1

For Spiral 1 (Table 14), pursuing minimum noise (geared, high work LPC, FPR=1.4), leads to a
penalty in fuel consumption of greater than 5%. Note that, as discussed previously, the performance of the
low fan pressure ratio cases could potentially be improved through better matching of engine design
thrust to the aircraft thrust requirements. Conversely, pursuing minimum fuel consumption (direct drive,
low work LPC, FPR=1.6) leads to ^12 EPNdB higher cumulative noise. The trade-off is similar for Spiral
2. As previously discussed in Section 6.2.2, the lower Mach number of Spiral 3 reduces the fuel
consumption penalty associated with low fan pressure ratio. The fuel consumption penalty of pursuing
minimum noise in a Spiral 3 design is only 4.5%, while the noise penalty of pursuing minimum fuel
consumption remains ^12 EPNdB cumulative. Which design is better overall depends, in part, on the
relative value of low noise and low fuel consumption to the airlines, which in turn depends on external
factors such as fuel cost and airport noise restrictions.

In the absence of an overall "goodness" metric, the results in Tables 14-16 can indicate some potential
balanced designs which perform fairly well across all the metrics of interest without giving up too much
in any one area. Selecting a balanced design is somewhat subjective; however, for all three Spirals the
FPR=1.5 cases seem to offer the best overall performance. In particular, the low work, geared and direct
drive cases and the high work, geared case have relatively good weight, fuel efficiency, noise, and
emissions results. (The high work, direct drive, FPR=1.5 case has inferior performance to the other
FPR=1.5 cases.) Bypass ratios for these engines are in the^12.5-14.5 range, at the lower end of what is
usually considered ultra-high bypass ratio. The emergence of FPR=1.5 as the best balanced design is a
function of the approach and assumptions in this study. Changes in engine or airframe design rules and
technology assumptions could lead to a different result. It is interesting to compare the general
characteristics of the FPR=1.5 engines to those of the geared engine being offered by Pratt and Whitney
for the Bombardier CSeries aircraft. Although the details of the Pratt and Whitney engine are not known
publically (including the fan pressure ratio), there are some similarities in the general parameters. The
target thrust level for the CSeries engine is 23,000 lb (ref. 48), the same SLS target thrust used in this
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study. The fan diameter for the CSeries engine is 73 inches (ref. 48), the same as the Spiral 1 and 2
FPR=1.5 engines. Bypass ratio is expected to be 12 (ref. 49), again similar to the FPR=1.5 engines in the
study. Cumulative noise margin for the P&W engine is projected to be Stage 4 minus 20 EPNdB (ref. 49).
The FPR=1.5 configurations in this study result in a Stage 4 margin of ^19 EPNdB.

8.0 Conclusions

UHB engines are feasible fora 737/A320-class vehicle. In general, the larger diameter
associated with UHB engines can be accommodated on this class of vehicle with relatively
simple measures such as increased landing gear length or changes to wing dihedral (changes
to wing dihedral were not explored in this study).

Optimum engine fan pressure ratio depends on the metric of interest, as well as the ground
rules, basic engine architectures, and assumptions used in the analysis. With the ground rules,
architectures, and assumptions used in this study: empty and ramp weight (often surrogate
indicators of cost) are minimized with high fan pressure ratio; block fuel consumption is
minimized with a fan pressure ratio of ^1.6; block NOx emissions are minimized with high
fan pressure ratio; and LTO NOx and certification noise are minimized with fan pressure ratio
as low as possible. These fan pressure ratio trends do not change with variation in engine
overall pressure ratio or design Mach number.

The primary benefit of the geared fan approach is to enable viable propulsion systems at lower
fan pressure ratios than possible with a direct drive fan. The geared fan approach is preferred
for fan pressure ratios (top-of-climb) below 1.5 (roughly BPR >13). At a fan pressure ratio of
1.5, a low work LPC, direct drive engine can provide outcomes similar to a geared engine.
Above a fan pressure ratio of 1.5, a low work, direct drive engine provides a better overall
aircraft system (for the metrics tracked in this study) than the geared engines do.

• If the design goal is to minimize ramp weight, block fuel, or block NOx, with the design
ground rules and technology assumptions of this study geared fan engine technology is not
necessary (since the minimums for these metrics occur at fan pressure ratios greater than 1.5.).

• If the design goal is to minimize airport area environmental impacts (i.e., aircraft noise and
LTO NOx), a geared system would be the preferred approach because it enables a practical
low fan pressure ratio engine design.

• Among the cases analyzed, the best balanced designs, performing well across all the metrics
of interest (ramp weight, fuel consumption, emissions, and noise), are fan pressure ratio 1.5
designs; either the high work LPC with a geared fan, or the low work LPC with either a geared
or direct drive fan.

• Relative to 1998 EIS technology, the advanced 2015 EIS configurations have the potential for
significant benefits: up to 29%reduction in fuel consumption and 25 EPNdB cumulative noise
reduction. These benefits do not occur with the same engine design, however. The minimum
fuel consumption designs have ^12 EPNdB (cumulative) higher noise than the minimum noise
designs and the minimum noise designs have up to 6% higher fuel consumption than the
minimum fuel consumption designs.
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